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ABSTRACT 
 
Genetic analysis of resistance to apple scab (Venturia inaequalis) in apple (Malus x 
domestica Borkh.). 
 
RAMSEY MAHARAJ. 
 
M.Sc. thesis, Department of Biotechnology, Faculty of Science, University of the Western 
Cape. 
 
Amongst the many problems facing the apple industry, apple scab is one of the most 
challenging experienced by producers. This disease is caused by Venturia inaequalis, which 
causes lesions to develop on both the fruit and leaves. The fungus is usually controlled by 
extensive use of sprays, but molecular genetics have made more environmentally friendly 
techniques available. One of these techniques utilises the Vf gene, which is a major gene 
conferring natural resistance to apple scab. Cultivars like “Prima” and “Priscilla”, containing 
this gene, can be used in a breeding program to develop new cultivars in further generations 
to prevent this disease.  
 
This study was aimed at constructing a genetic linkage map from apple, which would be used 
in marker-assisted selection (MAS). In an attempt to map microsatellites, 180 seedlings from 
a “Lady Williams” x “Prima” population were chosen. This in turn, would be used to identify 
any quantitative trait loci (QTLs), in addition to Vf, for resistance against scab. Polymerase 
chain reaction (PCR) was used in the amplification of the microsatellites, which initially 
 
 
 
 
 II 
involved optimisation and multiplex development. Multiplex development proved to be very 
economical, as more than one marker could be screened at a time. It also allowed for pooling 
of samples on the ABI 310 Genetic Analyzer, which all contributed to a high throughput 
system. This is particularly important when large populations are studied. Only four markers 
were mapped on the entire genome viz. A41 and A126 on LG 4; and A319 and A422 on LG 
17. Therefore, no QTLs could be identified, as an insufficient number of markers were 
positioned on the map.  
 
Analysis of only LG 1 markers around Vf, viz. markers A32, A536, A538, A568 and a 
hypervariable marker (HVM), were used to analyse their pattern of inheritance in the 
seedling population. Markers A32, A538, A568 and HVM showed a clear differentiation 
between resistant and susceptible seedlings. Certain allele combinations were seen for these 
two groups of seedlings and therefore can be used on other populations in selecting for 
resistant and susceptible seedlings. The mapping of these markers on LG 1 was successfully 
achieved on this population and a distortion around marker A32, attributing to a sub-lethal 
effect, was observed. In addition to these markers, other LG 1 markers can be used in similar 
studies to detect whether this sub-lethality occurs in different Vf-containing seedling 
populations. 
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1. – INTRODUCTION 
 
1.1. Introduction to apples. 
Apples belong to the genus Malus from the Rosaceae family. Due to their fleshy nature, 
nutritional value and desirable taste, apple growing has maintained its popularity and can be 
dated back thousands of years. The exact origin of the cultivated, or domesticated, apple is 
not exactly known but is believed to originate in the Tien Shan Mountains (Juniper et al., 
2001), which is generally located in eastern China, Kazakhstan and Krygyzstan.  
 
The occurrence of the cultivated apple can be explained by the hybridization of “M. sieversii” 
with “M. prunifolia”, “M. baccata” and “M. sieboldii” in the east, and in the west with the 
hybridization of “M. sieversii” with “M. turkmenorum” and “M. sylvestris” (Juniper et al., 
1999). The authors suggest that this was most likely due to man moving from western China 
to the Black Sea in the late Neolithic or early Bronze age, in the so-called Old Silk Road. As 
the Romans had practised excellent grafting and hybridisation techniques, there was a further 
progression in the cultivated apple, and the resultant introduction of it into Western Europe. 
More recently, studies undertaken using nuclear DNA and chloroplast DNA sequences have 
shown that the domesticated apple is most closely related to the Malus spp. (Harris et al., 
2002). Another important finding from Harris et al., (2002) is that the Central Asian wild 
apple, “M. sieversii”, is also most closely related to the domesticated apple. The most 
accurate nomenclature for the domesticated apple is disputed between “Malus x domestica 
Borkh.” and “Malus x pumila Mill.”, but the former is more commonly used (Korban and 
Skirvin, 1984). 
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Today, the demand for new apple cultivars and the resultant industry, is extremely 
competitive. “Pink Lady”, “Royal Gala” and “Fuji”, to name a few, have been cultivars 
produced from successful breeding programs. As agriculture forms an integral part of the 
economy of many countries, methods in improving crop production through research has 
burgeoned. Janick et al., (1996) mentions that increased marketability is the principal 
breeding objective in apples. They also highlight that there are many markets viz. fresh, 
stored or processed; local market, commercial market or export.  
 
The consumer plays an integral part in this market, as their interests and demands needs to be 
met. China is the world’s leading apple producer with millions of metric tonnes being 
produced annually. Gardiner et al., (2007) summarises that fruit quality (viz. colour, texture, 
size, shape, texture and taste) are the main criteria used by consumers. The most attractive 
feature that would result in the purchasing of apples, would be its skin colour. Once this 
criterion has been met, the other qualities are “evaluated” by the consumer until the ultimate 
purchasing of it. The authors also mention the importance of disease and pest resistance in 
apple. Apple producers have to address all these areas to be competitive in this market. 
Disease and pest resistance is not really a characteristic that is seen or evaluated by the 
consumer. However, its importance is high, as crops with better resistance would result in 
greater yields with reduced chemical inputs and therefore an increase in profits of producers. 
There are many diseases today that affect apples. Apple scab, fire blight, powdery mildew 
and woolly apple aphid are the biggest concern for breeders and producers. The use of 
pesticides and fungicides are the more common methods of dealing with these problems but 
breeding for apples that contain resistant genes for the specific pest or pathogen has been a 
technique that has been alternatively used. However, breeding for apples having both 
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desirable fruit qualities and pest resistance has been hard to achieve, especially in the case of 
apple scab resistance.  
   
1.2. Apple scab. 
Apple scab is a disease that affects apples worldwide. This particular disease affects mainly 
the leaves and fruit of the plant and affects only the Malus genus (MacHardy, 1996). Other 
parts of the plant like the shoot/twigs are affected less severely. There are, however, other 
forms of scab affecting other species viz. peach scab and pear scab. 
 
Apple scab is caused by the fungus Venturia inaequalis (Cooke) Wint. (anamorph Spilocaea 
pomi Fr.). The fungus thrives well in areas with a particularly high spring and summer 
rainfall, in addition to humid and cool temperatures (Biggs, 1997). Once the plant is affected, 
it becomes unattractive and as a result fruit production suffers, ultimately affecting the fruit 
industry.  
 
The disease is observed as lesions on the lower surfaces of leaves, which are later present on 
the upper surface and on the fruit. Lesions tend to be olive green to velvety brown with 
unclear margins, which later become darker in colour with a more distinct outline. Fruit 
ultimately become brown and very corky and the leaves curl (Biggs, 1997). The 
presence/absence of lesions and their further development is dependent on the 
resistance/susceptibility of the particular cultivar to the fungus. Numerous isolates of the 
fungus exists, which have thus far generally been referred to and categorised into races 1- 8 
(Shay and Keitt, 1945; Shay and Williams, 1956; Shay et al., 1962; Williams and Brown, 
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1968; Parisi et al., 1993; Roberts and Crute, 1994; Bénaouf and Parisi, 2000; Bus et al., 
2004). Certain races are avirulent to different cultivars, depending on the resistance gene 
present. For those cultivars that are susceptible for a particular race, the fungus grows 
beneath the cuticle of the leaf for several days without obvious necrosis, but the leaf tissue 
eventually dies as the lesions get older and the typical scabs develop (Lucas, 1998a, b).  
 
1.3. Life cycle. 
The following life cycle is obtained from Biggs, (1997) and MacHardy, (1996) and illustrated 
in Figure 1.1. Venturia inaequalis survives the winter in dead leaves on the ground. During 
this overwintering time the fungus develops sexually to ascocarps (pseudothecia) in a stroma. 
The pseudothecium lumen starts to fill up with pseudoparophyses. Asci, which house 
ascopores, start to develop within the pseudothecium. For pseudothecia development to 
occur, moisture is needed. Ascopores are two-celled and unequal in size. This is where the 
fungus derives its name.  
 
Figure 1.1 The life cycle of apple scab (from Biggs, 1997). 
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Once spring arrives the ascopores, with the aid of splashing rain, are released and dispersed 
by the wind to infect other young plants. Once on the leaf or fruit, the ascospore germinates, 
in the presence of water, and infection occurs as hyphae penetrate the cuticles. A subcuticular 
stroma develops and the development of conidiophore begins. Conidia forms on the 
conidiophores, with a lesion being seen. The conidia are transferred to other parts of the tree 
by splashing rain and wind and the fungus now infects the new leaf or fruit in a similar 
fashion to the ascopores. The rate at which events occurs is temperature dependent. 
Happening less often in milder climates, conidia produced asexually can overwinter in the 
dormant pustules on shoots and budscales and are transferred to new plants where infection 
occurs. In this situation the primary inoculum are the conidia, but in most other cases the 
primary inoculum are the ascopores.  
 
1.4. Discovery of resistance to apple scab. 
Prior to the 1940s there were many attempts to breed for apple scab resistance without much 
success. This was soon to change in 1945, as reviewed in Crosby et al., (1992) and Janick, 
(2002), by the collaborative work between J.R. Shay (Purdue University) and L.F. Hough 
(University of Illinois and Rutgers University), which would be referred to as the PRI 
program.  
 
These reviews explain that Hough made the important discovery, before the initial venture, 
based on the breeding work done by C.S. Crandall many years earlier. Hough worked with 
Crandall’s material and during the spring of 1943 there was an unusual and unexpected 
weather condition perfect for scab growth. A (“Malus floribunda” x “Rome Beauty”) x 
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(“Malus floribunda” x “Rome Beauty”) cross segregated 1:1 with regard to scab resistance 
and from the resultant F2 progeny, selections named “26829-2-2” and “26830-2” were 
chosen. Analysis of these crosses with these selections led to the conclusion that resistance 
was due to a single qualitative dominant gene or a block of closely linked quantitative genes 
(Hough, 1944; Williams et al., 1966; Williams and Kuc, 1969). This gene was to be named 
Vf for “Venturia resistance from floribunda”. This gene is responsible for most of the scab 
resistance. Many cultivars were released by the PRI of which the “Co-op” series celebrated 
this joint venture. Many of these were named and commercialised and “Prima”, being “Co-op 
2”, was the first scab resistant cultivar.  
 
More recent results (Vinatzer et al., 2004), however, contradicts that the F2 selections 
“26829-2-2” and “26830-2” came from the original “Rome Beauty” and “M. floribunda” 
cross. One of CH-Vf1 alleles, which are present in these selections, is not found in either 
“Rome Beauty” or “M. floribunda”. Therefore the authors suggest that these selections are in 
fact outcrosses.  
 
1.5. Polygenic and monogenic. 
Scab resistance in Malus can be either monogenic or polygenic. However, the main gene 
associated with scab resistance, Vf, was always regarded as a single qualitative dominant 
gene but it also interacts with the polygenic system (Drahosová and Vejl, 2001). The nature 
of resistance, due to Vf, is complex and Rouselle et al., (1974) states that minor genes or 
modifier genes further influence the degree of resistance, which is inherited independently 
from either parents (one being resistant and the other susceptible).  
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A progeny segregates in a 1:1 fashion if one parent is heterozygous for the dominant gene 
and the other homozygous for the susceptible gene. However, Gessler, (1989) explains how 
these modifier genes alter the resistant individuals into varying levels of resistance. He states 
that the major gene needs these modifier genes to be fully expressed and thus a difference 
between the genotype and phenotype results due to a phenotypic shift. This implies that 
certain individuals, even if they contain the Vf gene, are classed as susceptible. These varying 
classes of resistance suggests that modifying genes are involved and Gessler, (1989) states 
that only two additive genes are needed for this situation (Figure 1.2). These modifying genes 
in combination with Vf pertains to the present cultivated apples we have today but Gessler, 
(1989) further suggest that the original “M. floribunda” had two major genes of which one 
was lost in the breeding programmes or overcome by Venturia inaequalis. Bénaouf and 
Parisi, (2000) have identified this lost gene as Vfh. 
 
Figure 1.2 Distribution of a progeny of a cross between a heterozygous parent having one major gene for 
resistance and a homozygous susceptible parent into 5 classes: left: theoretical distribution assuming the effect 
of two (equal) modifier genes with effect of +alleles, with –alleles having no effect; right: representation of the 
border between resistant and susceptible individuals (from Gessler, 1989). 
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Hough et al., (1953) devised a classification for scab resistance where class 0 = no 
macroscopic evidence of infection; class 1 = pin-point pits and no sporulation; class 2 = 
irregular chlorotic or necrotic lesions with no sporulation; class M = a mixture of necrotic, 
nonsporulating and sparsely sporulating lesions, class 3 = few restricted sporulating lesions 
and class 4 = extensive abundantly sporulating lesions. Classes 0, 1, 2, M and 3 are regarded 
as resistant and class 4 is susceptible. Depending on the effect each of these modifier genes 
has on the dominant gene, the distribution of resistant classes 0, 1, 2, M and 3 would vary.  
 
A revised classification has been published by Chevalier et al., (1991) and is the preferred 
classification today. In their classification there were no longer classes 0 and M and class 3 
was split into 3a and 3b. Their classification consisted of class 1, class 2, class 3a, class 3b 
and class 4 (Figure 1.3). Class 1 was a hypersensitive or pin-point reaction; class 2 had 
chlorotic lesions and irregular edges with a slightly necrotic centre; class 3a consisted of 
necrotic and some chlorotic lesions with occasional very slight sporulation, class 3b consisted 
of clearly sporulating chlorotic and necrotic lesions; and class 4 was very homogeneous for 
the various symptoms. Very simply class 1 is a hypersensitive reaction (most resistant), class 
2 is resistant, class 3a is weakly resistant, class 3b is weakly susceptible and class 4 is the 
most susceptible. 
 
Figure 1.3 Representation of the various resistance/susceptibility classes according to Chevalier et al., (1991). 
 
1         2           3a          3b        4 
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King et al., (1998) used a symptomatic descriptor method based on scab development in the 
glasshouse as well as in the field. They proved that the environment plays a role on the 
expression of the Vf gene. Therefore assessment of scab resistance is best evaluated by 
testing in different geographic regions. 
 
1.6. Molecular markers in breeding. 
Throughout the years farmers have relied on the more traditional and conventional methods 
of breeding. Kumar, (1999) summarises it as crossing the genomes and allowing the 
population to express its phenotypic traits and then selecting the superior or desired 
recombinants from the several segregation products. Several crosses and several generations 
needed to be produced for a successful selection and this is extremely tedious, time 
consuming and costly. In addition, there might be a tight linkage of the desirable loci with the 
undesirable loci, therefore producing the desirable outcome is difficult.  
 
In the case of apples, which have a very long juvenile period (3-10 years), this problem is 
further worsened, as certain assessments can only be done after this period (Janick et al., 
1996). In addition to the long juvenile phase, apples also pose the problem of being self-
incompatible due to the arrested development of the pollen tubes controlled by S-alleles. 
 
Today breeders have adopted modern-biotechnological driven methods to facilitate this 
process. There are two main streams available i.e. the transgenic method and the marker-
assisted selection/breeding (MAS/MAB) method. Due to consumer demand, breeders tend to 
rely on the “safer” marker-assisted selection. In contrast to transgenics, MAS utilises the 
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already present genetic characteristics of a plant to produce their desirable phenotypic 
characteristics.  
 
MAS is the solution to those problems caused by traditional methods. Selection can now be 
done at early stages of plant development, thereby reducing the time of evaluation 
considerably. Accurate evaluation and screening of a particular trait, at the molecular level, 
can be made and this assists breeders facing problems in determining whether their crosses 
contain the desired characteristic. Due to this favourable quality, more and more breeders are 
turning to MAS and using it in conjunction with the conventional methods.  
 
Chemical sprays are also continuously being used to eradicate pests and pathogens. Although 
this type of treatment might be successful in eliminating these pests, it is harmful to the 
environment. Many treatments are also needed and it takes as much as 15 fungicidal 
treatments per year for apple scab, making MAS even more appealing. 
 
In simple terms, MAS is based on the concept that the association of a particular gene can be 
made by the presence of the marker that is tightly linked to it (Kumar, 1999; Mohan et al., 
1997). In addition to MAS, which is the main use, molecular markers are used to identify 
cultivars; determine genetic similarities among breeding stocks; calculate polymorphism 
levels, heterozygosity and self-pollination rates (Masojc´, 2002). 
 
Desirable traits in apple include resistance to disease caused by pathogens, fruit colour and 
dormancy to name a few. Various diseases like scab, powdery mildew, rot and problems 
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caused by the woolly apple aphid and Phytophthora can be combated in the future with the 
aid of MAS by selecting for resistant individuals. 
 
1.7. Types of molecular markers.  
An array of marker systems are available to geneticists for genetic mapping, localisation of 
major genes and quantitative trait loci (QTLs) detection. Isozymes, restriction fragment 
length polymorphisms (RFLPs), randomly amplified polymorphic DNAs (RAPDs), amplified 
fragment length polymorphisms (AFLPs), microsatellites, sequence characterized amplified 
regions (SCARs) and single nucleotide polymorphisms (SNPs) are the most widely used in 
plant breeding. With the exception of isozymes and RFLPs, these technologies utilise the 
polymerase chain reaction (PCR) (Mullis, 1990). Since these technologies are not influenced 
by the environment and are detectable at all stages in the plant’s growth, they are extremely 
reliable (Mohan et al., 1997). 
 
1.7.1. Isozymes. 
As the name suggests, these are different forms of the same protein. Isozymes are detected by 
the effect of charge differences as the result of protein sequence polymorphisms. This marker 
system was the first to be applied in both plant and apple breeding. Tanksley and Rick, 
(1980) linked an isozyme to a nematode resistant gene in tomato. Adapting this technique 
used in tomatoes, initial studies carried out on apples (Chevreau et al., 1985; Manganaris, 
1989; Weeden and Lamb, 1985, 1987) gave apple breeders new insights to the potential of 
molecular techniques. Being co-dominant, they proved to be very useful but are not as 
abundant as other markers. 
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1.7.2. RFLPs. 
RFLPs were preferred by plant geneticists, as they are transferable to other populations and 
are co-dominant. Originally developed in humans (Botstein et al., 1980), the technique is 
based on detecting DNA sequence polymorphisms with labelled DNA probes, after digestion 
of genomic DNA with restriction enzymes. This marker system does, however, have 
shortcomings in that it is labour intensive and requires large amounts of high quality DNA, 
which are impractical for the high throughput demands of modern day genomics.  
 
1.7.3. RAPDs. 
The technique is based on genomic DNA being amplified with single primers of arbitrary 
nucleotide sequence (Williams et al., 1990). In other words, no specific nucleotide sequence 
information is required. Polymorphisms between various samples are easily detected on an 
agarose gel. Most of the RAPDs are dominant and therefore when resolved on a gel, 
fragments of the same length are amplified from one individual but are absent from another. 
Williams et al., (1990) explain that distinguishing whether a DNA segment is amplified from 
a locus that is heterozygous or homozygous cannot be done. These markers are often used as 
they are produced with minimal effort but, as mentioned, are dominant, and in addition, not 
easily transported between progenies. Despite the shortcomings, this marker system was used 
extensively in the first apple maps (Hemmat et al., 1994; Conner et al., 1997). 
 
1.7.4. SCARs. 
This type of marker is obtained by cloning and sequencing the two ends of RAPD products, 
followed by designing of primers (24-mer), which would be used to amplify a single locus. 
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They are preferable to RAPDs because they detect only one locus, are less sensitive to 
reaction conditions and can be converted to co-dominant markers (Paran and Michelmore, 
1993). 
 
1.7.5. AFLPs. 
It is a DNA fingerprinting technique and is similar to the RFLP technique in that it detects 
polymorphisms in genomic restriction fragments. However, it is different in that PCR 
amplification is used to detect fragments and not Southern hybridisation. Three steps are 
involved namely: restriction of DNA and ligation of oligonucleotide adapters, selective 
amplification of sets of restriction fragments and the gel analysis of fragments. It is a useful 
technique as no prior sequence knowledge is needed and DNA from any origin can be used 
(Vos et al., 1995). Because this marker is also of a dominant nature, scoring is done by the 
presence or absence of fragments. Today this marker has been mainly used to saturate 
already existing maps, for example Liebhard et al., (2003a). AFLPs generate large numbers 
of polymorphisms but are, however, not transferable to other populations and are also 
reasonably expensive to use. 
 
1.7.6. Microsatellites. 
Microsatellites or simple sequence repeats (SSRs) are short stretches of DNA, consisting of 
tandemly repeated nucleotide units, which are 1-5 nucleotides in length. They are more 
popular than other markers due to them being highly polymorphic, co-dominant (making 
them highly informative) and present in most eukaryote genomes. First used in 1989 (Litt and 
Luty, 1989; Tautz, 1989; Weber and May, 1989), these markers are also PCR based and each 
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SSR locus has a unique set of primers, making them easily reproducible. These primers are 
designed from the conserved flanking regions of the microsatellite.  
 
Microsatellites are easily transferred to other apple progenies and in addition to this, can also 
be transferred across genera. In other words, apple microsatellites are not only used between 
different apple cultivars, they can be successfully used in pear (Pyrus) cultivars as well 
(Yamamoto et al., 2001). By referring to Yamamoto et al., (2002a), apple SSRs were 
successful mapped on a pear cross. Not only were apple SSRs mapped, but also peach and 
cherry (Prunus) SSRs were mapped on this cross. Pear and apple, however, belong to same 
subfamily of Maloideae, but the Prunus genus belongs to a different subfamily viz. 
Prunoideae. Therefore, due to this difference, Yamamoto et al., (2002a) suggest this transfer 
of SSRs is less common and more difficult.  
 
1.7.7. SNPs. 
These are polymorphisms that occur as a result of single base pair differences in an 
organisms DNA. SNPs are the most abundant marker in both animal and plant genomes. 
Collins et al., (1998) attributes 90% of DNA polymorphism in humans to SNPs and estimates 
there to be approximately 17 million SNPs in humans. To date the International HapMap 
Project (http://www.hapmap.org/) has identified more than 10 million SNPs in humans with 
this number being reached already by 2005 (Koboldt et al., 2006). They are also the most 
abundant marker in plant genomes. Specific primers are designed from a known sequence 
and PCR amplification is carried out on different samples. Analysis and detection of 
polymorphisms is done by sequencing and therefore there is no need for gel resolution. Plant 
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studies are relying heavily on this convenient technology with the first mapping of SNPs 
done on Arabidopsis thaliana (Cho et al., 1999). More recently mapping with SNPs have 
been carried out on apples (Celton et al., 2007) with a map being constructed from apple 
rootstocks.  
 
Different technologies exits today involving the genotyping of SNPs. SNaPshot™, TaqMan
® 
SNP Genotyping Assay and SNPlex™ Genotyping System are the most popular used 
systems today, which are automated for more efficient use.  
 
1.8. The current state of apple genomics. 
The first apple map was published by Hemmat et al., (1994) and it consisted mainly of 
RAPDs. Today the apple map has advanced considerably and Table 1.1 illustrates some of 
the main apple maps published to date. As more and better marker systems have developed, 
there has been an increase in the accuracy in the apple maps being constructed. From the 
initial 24 linkage groups, Maliepaard et al., (1998) publishes 17, which represents the correct 
haploid number for apple. There have been many hypotheses to the origin of this haploid 
number for Malus, particularly from Darlington and Moffett, (1930), Sax, (1931, 1932, 
1933), Stebbins, (1950), Morgan et al., (1994) and Lespinasse et al., (1999). SSRs have 
facilitated the construction of maps, due to their desirable characteristics, as opposed to the 
RAPDs. Not only being transferable to other populations, SSRs are also easily reproduced 
and thus, corrections or improvements of their positions can be made. In addition, alignment 
of different maps results in the confirmation of certain marker positions.  
 
 
 
 
 
Table 1.1 Representation of the main apple maps that have been published (modified and updated from Gardiner et al., 2007). 
 
Map No. of markers Types of markers No of linkage groups Length in cM Publication 
“Rome Beauty” 
“White Angel” 
156 
253 
RAPDs, RFLPs, isozymes 21 
24 
- 
950 
Hemmat et al., (1994) 
“Wijcik McIntosh” 
“NY 75441-67” 
130 (238 integrated) 
110 
RAPD’s, isozymes 20 (19 integrated) 
16 
789 (1206 integrated) 
692 
Conner et al., (1997) 
“Wijcik McIntosh” 
“NY 75441-58” 
181 (238 integrated) 
183 
RAPD’s, isozymes 18 (19 integrated) 
18 
858 (1206 integrated) 
898 
Conner et al., (1997) 
“Iduna”  
“A679-2” 
65 
135 
RAPDs 9 
14 
386 
627 
Seglias and Gessler, (1997) 
“Prima”  
“Fiesta” 
194 
163 
RAPDs, isozymes, RFLPs, 
SSRs, AFLPs, SCAR. 
17 
17 
842 
984 
Maliepaard et al., (1998) 
“Fiesta”  
“Discovery” 
200 
220 
RAPDs, SSRs. 
 
17 
17 
914.2 
1015 
Liebhard et al., (2002).   
 
“Fiesta” 
“Discovery” 
439 
499 
RAPDs, AFLPs, SSRs, 
SCAR. 
17 
17 
1143.8 
1454.6 
Liebhard et al., (2003a). 
 
“Fiesta” 
“Discovery” 
- 
-  
(18 on a integrated map of 
Liebhard et al., (2003a)) 
RGAs. - 
- 
(used the integrated map of 
Liebhard et al., (2003a)) 
- 
- 
(used the integrated map of 
Liebhard et al., (2003a)) 
Baldi et al., (2004) 
“Discovery” 
“TN10-8” 
- 
- (177 on an integrated map) 
Isozymes, AFLPs, SSRs. 17 (integrated) 1219 (integrated) Calenge et al., (2004) 
“Discovery” 
“TN10-8” 
- 
- (43 on integrated map of 
Calenge et al., 2004)) 
NBS, RGAs. - 
- (used the integrated map 
of Calenge et al., (2004)) 
- 
- (used the integrated map of 
Calenge et al., (2004)) 
Calenge et al., (2005) 
“Telamon” 
“Braeburn” 
259 
264 
AFLPs, SSRs 17 
17 
1039 
1245 
Kenis and Keulemans, (2005). 
“Fiesta” 
“Discovery” 
538 
614 
RAPDs, AFLPs, SSRs, SCAR 17 
17 
1145.3 
1417.1 
Silfverberg-Dilworth et al., (2006). 
“M9” 
“Robusta” 
198 
218 
SSRs, SCARs SNPs, RAPDs 17 
17 
1184 
1089 
Celton et al., (2007) 
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Already published maps are extremely important for further studies as they function as 
reference maps. This was the case of QTLs for scab resistance detected by Liebhard et al., 
(2003b) from the reference maps of a “Fiesta” x “Discovery” cross (Liebhard et al., 2002, 
2003a). Another example of this was from the publication of a “Discovery” x “TN10-8” map 
by Calenge et al., (2004) used to position nucleotide binding site (NBS) markers and 
resistance gene analogues (RGAs) (Calenge et al., 2005). The largest and most detailed apple 
map was constructed by Silfverberg-Dilworth et al., (2006) on a “Fiesta” x “Discovery” 
progeny. This map, as mentioned, has improved since initial publication by Liebhard et al., 
(2002), as both Liebhard et al., (2003a) and Silfverberg Dilworth et al., (2006) have saturated 
it with newly developed markers. It now consists of a total of 996 markers, of which there are 
285 SSRs, 475 AFLPs, 235 RAPDs and 1 SCAR. The size of the haploid apple genome is 
taken as being 750 Mb and approximately 1 450 cM. This large size requires a good coverage 
of molecular markers for the location and linkage of desirable genes.  
 
The availability of new Expressed Sequence Tag sequences (ESTs) (Korban et al., 2005; 
Naik et al., 2006; Newcomb et al., 2006) in apple over the last few years has facilitated the 
development of new markers, especially microsatellites and SNPs. Therefore better saturated 
maps would serve as good reference points for studies involving associations with closely 
positioned markers to a particular phenotype, which could be used in marker-assisted 
selection.  
 
The High-Quality Disease Resistant Apples for a Sustainable Agriculture (HiDRAS) 
organisation is a collaboration between the main European apple breeding institutes, whose 
main objective is to improve apple breeding based on MAS technology. Their website 
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(http://users.unimi.it/hidras/) provides extensive information on marker data as well as a 
database for apple sequences.  
 
1.9. Markers and mapping Vf. 
For the last twenty years scientists have been focussing on developing more and better 
markers for Vf. On the “Rome Beauty” x “White Angel” map (Hemmat et al., 1994), Vf was 
positioned on linkage group (LG) 8 and this was based on data from previous studies 
(Weeden and Lamb, 1987; Manganaris, 1989). This initial position of Vf was further 
strengthened by the isozyme marker, Pgm-1, being linked to it (Manganaris et al., 1994). 
This position, together with the order of markers around Vf and the distances of various 
markers to the gene would vary. This has been caused by laboratories using different 
progenies and also varying progeny sizes. Due to them being produced with minimal effort, 
RAPD markers were the most used marker in linking Vf. Table 1.2 lists the first 
identification of some of the major markers linked to Vf. 
 
Only two of the 400 RAPD markers used by Koller et al., (1994) were linked to resistance. 
OPM18900bp was polymorphic in both of the two crosses viz. “Idared” x “M. floribunda 821” 
and “P22R24A8” x “K1R11A26”, whereas OPU1400bp was only polymorphic in the former 
cross. Both of these markers were at the time on the same side of Vf, which was limiting.  
 
Gardiner et al., (1996) published two new RAPD markers, OPAH011100bp and OPR16400bp, 
that are linked to Vf. They further demonstrated that OPA15900bp (Durham and Korban, 1994) 
was also linked. OPM18900bp and OPU1400bp (Koller et al., 1994), together with OPD20600bp, 
 
 
 
 
Table 1.2 Main molecular markers linked to the Vf gene for scab-resistance in apple. Distances refer to 
those reported for the first identification since many markers have been used in many laboratories and in 
different progenies (modified from Tartarini and Sansavini, 2003).  
Marker type Marker name Distance (cM) Progeny Reference 
RAPD OPM18900 10.6 59 Koller et al., (1994) 
 OPU01400 19.7 59 Koller et al., (1994) 
 OPD20500 19 158 Yang and Krüger, (1994) 
 OPA15900 - - Durham and Korban, (1994) 
CAPS OPM18900 1.9 600 Gianfranceschi et al., (1996) 
SCAR OPU01400 4  Gianfranceschi et al., (1996) 
RAPD OPH011100 10 160 Gardiner et al., (1996) 
 OPR16400 13/14 98/160 Gardiner et al., (1996) 
RAPD OPAM192200 0.9 109 Tartarini, (1996) 
 OPAL07560 0.9  Tartarini, (1996) 
 OPC09900 8.8  Tartarini, (1996) 
 OPAB191430 13.4  Tartarini, (1996) 
 OPC081100 15.5  Tartarini, (1996) 
RAPD OPAR41400 3.6 138 Yang et al., (1997a) 
RAPD OPK161300 4.3 138 Yang et al., (1997b) 
RAPD S52500 1.3 73 Hemmat et al., (1998) 
 B5051700 7.8  Hemmat et al., (1998) 
 B398480 10.8  Hemmat et al., (1998) 
 K161300 15.9  Hemmat et al., (1998) 
SCAR OPAM19526 0.9 600 Tartarini et al., (1999) 
 OPAL07466 0.9  Tartarini et al., (1999) 
AFLP EA2MG11-1 0 468 Xu and Korban, (2000) 
 EA12MG16-1 0  Xu and Korban, (2000) 
 EA11MG4-1 0  Xu and Korban, (2000) 
 ET2MC8-1 0  Xu and Korban, (2000) 
 ET3MG10-1 0  Xu and Korban, (2000) 
 ET8MG1-1 0  Xu and Korban, (2000) 
 ET8MG7-1 0  Xu and Korban, (2000) 
 EA9MC15-1 0.2  Xu and Korban, (2000) 
 EA4MG1-1 0.2  Xu and Korban, (2000) 
 EA16MG2-1 0.2  Xu and Korban, (2000) 
 ET4MC14-1 0.2  Xu and Korban, (2000) 
 ET8MG16-1 0.2  Xu and Korban, (2000) 
 ET3MG10-2 0.2  Xu and Korban, (2000) 
 ET10MG8-1 0.2  Xu and Korban, (2000) 
 ET9MC3-1 0.4  Xu and Korban, (2000) 
 EA5MG3-1 1.1  Xu and Korban, (2000) 
 EA8MC13-1 1.5  Xu and Korban, (2000) 
 EA13MC16-1 2.2  Xu and Korban, (2000) 
SCAR ACS-3 0 468 Xu et al., (2001) 
 ACS-7 0  Xu et al., (2001) 
 ACS-9 0  Xu et al., (2001) 
 ACS-1 0.2  Xu et al., (2001) 
 ACS-2 0.2  Xu et al., (2001) 
 ACS-4 0.2  Xu et al., (2001) 
 ACS-5 0.2  Xu et al., (2001) 
 ACS-8 0.2  Xu et al., (2001) 
 ACS-10 0.2  Xu et al., (2001) 
 ACS-11 0.2  Xu et al., (2001) 
 ACS-6 0.4  Xu et al., (2001) 
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which was previously linked by Yang and Krüger (1994), also segregated with Vf in their 
populations, but they amplified a 500 bp fragment and not 600 bp fragment for OPD20. At 
this stage there were markers mapped on either side of Vf, which is more useful. The two 
markers, OPM18900bp and OPU1400bp, which were previously mentioned, were improved by 
later transforming them into M18-CAPS and U1-SCAR (Gianfranceschi et al., 1996). This 
transformation made these markers more reproducible and consistent.    
 
The OPAR4 marker was identified by Yang et al., (1997a) and was found to be present only 
in resistant bulks and therefore has been associated with this valuable gene. The same authors 
identified another RAPD (OpK16/1300), which they converted to a SCAR marker (SCK 
16/1300) (Yang et al., 1997b). This RAPD marker shows a recombination ratio of 4.3%, 
which was a close linkage to Vf at that time. Using SCAR markers, distinguishing between 
resistant and susceptible individuals is quicker and easier, as the SCAR marker (SCK 
16/1300) results only in the presence or absence of a band. Tartarini et al., (1999) converted 
the RAPD markers AL07 and AM19 (Tartarini, 1996) into the SCAR markers AL07-SCAR 
and AM19-SCAR.   
 
King et al., (1998) linked 24 markers consisting of an isozyme marker, 6 RFLPs and 17 
RAPDs to Vf. OPM18 and the transformed M18-CAPS were the closest to the gene at the 
distal end of the linkage group. The location of Vf at this position was further supported by 
Maliepaard et al., (1998), who in addition to this, also published for the first time a map 
representing the 17 linkage groups in apple. Now Vf, which was positioned on LG 1, could 
be analysed relative to a more accurate representation of the entire apple genome. In the same 
year, Hemmat et al., (1998) published the RAPD markers S52500, B5051700, S291150, P198750 
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and B398480 and placed them on a “Golden Delicious” x “Prima” cross with previously 
published primers and this further saturated this important locus.  
 
Patocchi et al., (1999a) positioned markers M18 and AL07 even closer to Vf at 0.2 cM and 
1.1 cM respectively. Xu and Korban, (2000) continued to saturate this region with fifteen 
AFLP markers. Of these, seven viz. EA2MG11-1, EA11MG4-1, EA12MG16-1, ET2MC8-1, 
ET3MG10-1, ET8MG1-1 and ET8MG7-1, were so close that they were mapped to the same 
position as Vf due to no recombinants being detected. ET9MC3-1 was mapped at the same 
position as M18 and seven other markers viz. EA9MC15-1, EA4MG1-1, EA16MG2-1, 
ET4MC14-1, ET3MG10-2, ET8MG16-1 and ET10MG8-1, were mapped on AM19 and 
AL07.  
 
Eleven of these AFLPs were converted by Xu et al., (2001) into ACS (AFLP converted 
SCAR) markers. EA9MC15-1, EA4MG1-1, EA11MG4-1, EA16MG2-1, ET4MC14-1, 
ET9MC3-1, ET3MG10-1, ET3MG10-2, ET8MG7-1, ET8MG16-1 and ET10MG8-1 were 
converted to ACS-1, -2, -3, -4, -5, -6, -7, -8, - 9, - 10 and -11 respectively. This makes ACS-
3, -7, and -9 segregate with Vf, ACS-6 0.4 cM proximal to Vf and ACS-1, -2, -4, -5, -8, -10, 
and -11 0.2 cM distal to Vf (Figure 1.4). 
 
More recently it was found that ACS-7 and ACS-9 map to the same position as Vf, ACS-6 
and ACS-3 are 0.2 cM and 0.1 cM proximal to Vf respectively, ACS-8 is 0.1 cM distal to Vf, 
ACS-10 is 0.4 cM distal to Vf, ACS-4 is 0.5 cM and ACS-11, -5, -2, -1 and AL07 is 0.7 cM 
distal to Vf (Huaracha et al., 2004) (Figure 1.4). These revised positions have been made 
possible due a larger population being used.  
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Figure 1.4 Mapping of the Vf region (Xu et al., (2001); Huaracha et al., (2004)
respectively).
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Microsatellite markers CH-Vf1 and CH-Vf2, which was derived from the M18-1 and AM19-
5 bacterial artificial chromosome (BAC) clones (Patocchi et al., 1999b) respectively, were 
found to segregate with Vf (Vinatzer et al., 2004).  CH-Vf1 is more polymorphic than CH-
Vf2 as it identifies 16 alleles compared to only 4 for CH-Vf2 and is therefore preferred. 
CHVf is tightly linked to the Vf gene and has therefore been positioned on linkage group 1 
(Silfverberg-Dilworth et al., 2006). Other microsatellite markers have been positioned on LG 
1, with varying distances from Vf (Discussed in Chapter 7).  
 
1.10. Function of R-genes. 
Disease resistance genes, or simply R-genes, encode for different proteins, which are 
responsible for the detection of foreign pathogens in plants. The largest family of R-genes are 
nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins. McHale et al., (2006) 
provides a good overview of the various components of NBS-LRR proteins. As the name 
suggests these proteins contain nucleotide-binding site (NBS), leucine-rich repeat (LRR), 
amino- and carboxy-terminal domains. The NBS-LRR family contains either a 
Toll/interleukin-1 receptor (TIR) or a coiled-coil (CC) motif in the amino-terminal domain. 
 
Pathogens (e.g. fungi, bacteria, viruses and nematodes) are detected by their cognate genes 
(Flor, 1956), which occurs via the recognition of the avirulence gene secretions or products, 
by the receptors of the host. This recognition is very specific and any variation in the gene of 
the pathogen can possibly render the plant susceptible. 
 
 
 
 
 
 21 
Recognition can occur in two ways i.e. a direct interaction or via indirect interaction, or it 
goes undetected. The direct or classical hypothesis of Flor, (1956) is not as common as the 
indirect hypothesis or guard hypothesis developed by Van der Biezen and Jones, (1998). 
Figure 1.5 is a simplistic representation of the different interactions between pathogen and R-
gene. Dodds et al., (2006) recently demonstrated the interaction between pathogen and host 
involving direct interaction. Various plant species exhibit different mechanisms viz. the more 
common hypersensitive reaction, reactive oxygen species production, cell wall fortification, 
benzoic and salicylic acid release and the expression of other disease related proteins 
(Hammond-Kosack and Jones, 1996). These mechanisms involve an array of complex 
metabolic pathways. Hammond-Kosack and Jones, (1996) and McDowell and Woffenden, 
(2003) mention that invasion of biotrophic pathogens results in a programmed cell death, 
which deprives the pathogen of nutrients, whereas most hemibiotrophic and necrotrophic 
pathogens are still able to obtain nutrients from dead tissue. Those that cannot feed off the 
dead tissue are trapped inside this tissue and are starved, resulting in no further progression of 
the pathogen. 
 
Many similarities in R-genes exist between the different plant crops. Recently a study 
undertaken by Xu et al., (2007) constructed a phylogenetic tree between the various 
Rosaceae crops, in addition to comparisons between Arabidopsis, rice and pines, by studying 
homologues in the NBS-binding site domains.  
 
 
 
 
 
Figure 1.5 Interactions between pathogen Avr proteins and plant R proteins (from McDowell
and Woffenden, 2003).
A hypothetical pathogen (grey) has attached to a plant cell and is expressing a suite of virulence proteins (red). 
Once inside, they target host proteins (green) that control defense responses, metabolism or other plant processes
that affect pathogen virulence. (a) In this panel, the plant cell does not express a R protein that is capable of 
recognizing any virulence protein. Thus, the plant cannot detect the pathogen efficiently and defenses are, at 
best, only weakly induced. Disease then results from the collective action of the virulence proteins. (b) This panel 
depicts the classic receptor-elicitor hypothesis, in which a R protein directly binds a virulence protein. This 
recognition event activates a complex signal transduction network, which in turn triggers defense responses. 
(c) This panel depicts the guard hypothesis , in which a R protein (guard) detects a modified host protein (guardee, 
red star), perhaps as a complex with the ‘attacking’ virulence protein.
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1.11. The structure of the Vf locus. 
This major scab resistance locus comprises of a cluster of genes. Two BAC contigs were 
constructed by Patocchi et al., (1999b), which housed the Vf region. This region lies between 
markers M18 and AM19 and is 350 kb long. Based on this, Vinatzer et al., (2001) found a 
cluster of homologs for the tomato Cf resistance gene in the Vf region. The resultant genes 
were HcrVf1, HcrVf2, HcrVf3 and HcrVf4 (partially sequenced), of which the amino acid 
sequences are thought to code for membrane-bound glycoproteins containing extracellular 
leucine-rich repeats (LRRs) and transmembrane (TM) domains. All except HcrVf3 are 
transcribed, and HcrVf3 was initially thought to be a pseudogene or have low transcription 
levels. As HcrVf2, HcrVf3 and HcrVf4 segregate with Vf and HcrVf1 does not, and due to 
HcrVf3 being a pseudogene, the findings from this study conclude that HcrVf2 and HcrVf4 
are possible candidate genes. This being said, they also state that there might be other genes 
in this region responsible for resistance. Thus, no single gene could be identified which is 
directly responsible for scab resistance.  
 
Improvements to this Vf region has been made with the use of overlapping (BAC) clones and 
the contig has been confined to a size of 290 kb by Xu and Korban (2002a). The AFLP 
converted SCARS (ACS), developed by Xu et al., 2001 were used as they had resulted in 
closer linkage to Vf. Xu and Korban (2002b) also confers the presence of four paralogs in 
this region viz. Vfa1, Vfa2, Vfa3and Vfa4. These paralogs, with the exception of Vfa3, are 
also thought to encode proteins characterised with LRRs and TM domains. After alignment it 
was revealed that Vfa1 and Vfa2 were exactly identical to HcrVf1 and HcrVf2, whereas Vfa3 
and Vfa4 were novel. The third gene Vfa3 produced truncated mRNA. Despite these results, 
no attempt in this study was made to find which gene was responsible for resistance. 
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Using the results published by Vinatzer et al., (2001) and Xu and Korban (2002b), Afunian et 
al., (2004), also found amino acid sequence similarities between HcrVf1 and Vfa1, and 
HcrVf2 and Vfa2. As no sequence was available for HcrVf4 and Vfa3, HcrVf3 was aligned 
with Vfa4 and there was a 98% homology. With the alignment of HcrVf1 (Vfa1), HcrVf2 
(Vfa2) and HcrVf3 (Vfa4) (GenBank accession numbers AJ297739, AJ297740 and 
AJ297741, Vinatzer et al., 2001), Afunian et al., (2004) designed PCR primers from the 
conserved regions flanking the variable region. The products formed were 646 bp for HcrVf1 
(Vfa1), 484 bp for HcrVf2 (Vfa2) and 286 bp for HcrVf3 (Vfa4). The 646 bp and 484 bp 
fragments were found in all the cultivars that were tested, whereas the resistant cultivars 
additionally also had the 286 bp fragment. Sequencing of the PCR products showed that the 
286 bp fragment closely matched the HcrVf3 (Vfa4) gene and is most likely the gene 
responsible for resistance. However, no sequencing was done with the 646 bp and 484 bp 
fragments to confirm their association with HcrVf1 (Vfa2) and HcrVf2 (Vfa2) and therefore, 
there might be other resistance genes present in these regions. An almost identical study was 
done by Cham-Kpu, (2005), who also aligned HcrVf1, HcrVf2 and HcrVf3 genes and 
designed primers from the flanking regions, which also amplified the variable region and the 
author named it the hyper-variable region marker (HVM). Although this is a similar approach 
as used by Afunian et al., (2004), the primers were designed at slightly different positions 
and therefore fragments of 826 bp for HcrVf1, 666 bp for HcrVf2 and 468 bp for HcrVf3 
were produced. All the cultivars tested had the 826 bp and 666 bp products, whereas the 
resistant cultivars additionally also had the 468 bp product. The presence of this latter 
fragment could thus indicate that HcrVf3 could be the main gene responsible for resistance. 
However, cloning and sequencing of the products showed that these products were different 
to HcrVf1, HcrVf2 and HrVf3 and thus again, the possibility that more genes in these regions 
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could be responsible for scab resistance. The findings of Afunian et al., (2004) and Cham-
Kpu (2005), however, clearly show that these markers are very reliable in distinguishing 
resistant from susceptible apples. 
 
It should be noted that the Vf cluster originates from “M. floribunda” and not from “M. 
domestica” and this could be the reason for the differences in the sequences found. The 
sequence data from Cham-Kpu, (2005) showed many closely related Vf-like genes isolated 
from the “Golden Delicious” cultivar, many of which were pseudogenes suggesting these 
genes belong to a much larger family. 
 
Transgenic studies, where the individual genes in the Vf region were transformed into 
susceptible plants, could bring some insight into the causative gene for this important trait. 
Studies done by Belfanti et al., (2004) have proven that a transformed HcrVf2 is sufficient in 
conferring resistance to a transformed susceptible cultivar. On the other hand, Malnoy et al., 
(2006) separately transformed Vfa1, Vfa2 and Vfa4 into susceptible apple cultivars and the 
outcome were that plants possessing both Vfa1 and Vfa2 were less affected by scab. 
Therefore, either Vfa1 or Vfa2 could be the responsible gene. To summarise these various 
outputs, no decisive conclusion can be made on whether there is only one gene responsible 
for scab resistance or whether there is a more interactive mode of resistance involved and that 
more than one gene is required. 
 
 
 
 
 
 25 
1.12. Other scab resistance genes. 
While Vf is the most widely used source of resistance in breeding programs, there are also 
other major genes. Their use in apple breeding is essential, as they can be pyramidised to 
combat the breakdown of resistance which will occur using a single resistance gene (Vinatzer 
et al., 2004). Pyramidising involves using different genes in combination with each other 
against apple scab and therefore obtaining a more durable resistance. For this to be possible, 
these genes need to be functionally different and, thus far, their relationships to each other is 
unknown as is their general structure and mode of action (Patocchi et al., 2005). In addition 
to Vf, other major genes identified by Williams and Kuc, (1969) were Vm in “Malus 
atrosanguinea 804” and “Malus micromalus 245-38”, Va in “Antonovka PI172633”, Vb in 
“Hansen’s baccata #2”, Vr in “Malus pumila R12740-7A” and Vbj in “Malus baccata 
jackii”. Vd in “Durello di Forli” and Vg in “Golden Delicious” were identified later by 
Tartarini et al., (2004) and Bénaouf and Parisi, (1997) respectively. 
 
1.12.1. Vm. 
This source of apple scab was initially found in “Malus atrosanguinea 804” and “Malus 
micromalus 245-38”. The RAPD marker OPB12 was found to be linked to Vm (Cheng et al., 
1998) but the SSR marker by Patocchi et al., (2005), Hi07h02, has been a better marker for 
association with Vm. These two markers together with Vm were positioned on LG 17 of a 
“Golden Delicious” x “Murray” cross, where “Murray” carries this gene. 
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1.12.2. Vg. 
This gene was identified in “Golden Delicious” by Bénaouf and Parisi, (1997). Durel et al., 
(2000) propose to have mapped this same gene on LG 12 of a “Prima” x “Fiesta” cross, as 
“Golden Delicious” is a grandparent of “Prima”. The gene is linked to the RFLP marker, 
MC105. Both “Golden Delicious” and “Prima” are resistant to two different strains of race 7 
of the fungus.  
 
1.12.3. Vr, Vr1, Vr2, Vh2, Vh4, Vh8 and Vx. 
The work done around these genes has ultimately resulted in three genes, which have been 
named differently by various authors but are thought to represent the same gene. These were 
to be Vr, which was originally mentioned by Dayton and Williams, (1968) and two others 
ultimately called Vh2 and Vh4 by Bus et al., (2000). Vh2 is resistant to race 2, while Vh4 is 
resistant to race 4 of the pathogen. More genes, which were to be identical to the previously 
named viz. another Vr gene (Aldwinkle et al., 1976), Vr1 (Boudichevskaia et al., 2004), Vr2  
(Patocchi et al., 2004), Vx (Hemmat et al., 2002) and Vh8 (Bus et al., 2004), have been also 
identified. Bus et al., (2005a) provides evidence that Vr1, Vh4 and Vx are all the same gene 
and is positioned at the proximal end of LG 2, whereas Vh2 and the Vr gene by Aldwinkle et 
al., (1976) are the same and positioned at the distal end of LG 2. Bus et al., (2004) also 
proved that Vh2 and Vr is the same gene instead of being different alleles of the same gene. 
The position of Vh4 was made possible by it being linked to microsatellite marker CH02c02a 
and SCAR marker S221300bp and Vh2 was linked to microsatellite markers Ch02b10, 
Ch05e03 and Ch03d01 (Bus et al., 2005a). With regards to Vr2, it is unclear whether it is 
also the same gene as Vh4. Bus et al., (2005a) also state that the third gene in this collection 
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is the Vr by Dayton and Williams, (1968). More recently has it been found that the Vh2 (or 
Vr  (Aldwinkle et al., 1976)) might also be the same as the Vh8 gene of M. sieversii (Bus et 
al., 2005b). However, the authors propose that it could also possibly be genes within the 
same cluster or allelic genes.  
 
1.12.4. Vbj. 
This gene was originally found in “Malus baccata jackii” and a total of seven markers were 
linked to this gene by Gygax et al., (2004), viz. three microsatellite markers (Ch02c06, 
CH05e03 and CH03d01), three SCARs (K08, T06 and Z13) and one RAPD (OPB08). They 
positioned the gene on LG 2 of the “Fiesta” x “Discovery” map.  
 
1.12.5. Va and Vb. 
Va from “Antonovka PI 172633” and Vb from “Hansen’s baccata #2” were positioned near 
Vf on LG 8 of a “Rome Beauty” x “White Angel” cross (Hemmat et al., 2003). This position 
matches that of linkage group 1 in “Prima” x “Fiesta” cross. Markers B398480 and UBC220700 
was the closest linked markers to Va and Vb respectively. It was found that the position of 
Vb on LG 1 was incorrect and a study done by Erdin et al., (2006) mapped this gene to LG 
12 using a whole genome scanning approach. This major gene was positioned between 
microsatellites Hi02d05 and Hi07f01. As Dayton and Williams, (1968) previously stated that 
Vf segregates independently of Vb, their conclusions were confirmed by the results of Erdin 
et al., (2006) by Vb not being mapped to LG 1. Vg is also mapped on LG 12 (Durel et al., 
(2000) but Erdin et al., (2006) suggests it being mapped to a different position to Vb, based 
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on the genetic distances from their study and the studies of James et al., (2004) and Calenge 
et al., (2005). 
 
1.12.6. Vd. 
A “Durello di Forli” x “Fiesta” cross was used to map this gene on LG 10 (Tartarini et al., 
2004). Vf had been overcome by race 6 of Venturia inaequalis (Parisi et al., 1993) but Vd, 
however, confers resistance to this race. Although no convenient markers have been 
developed yet, Tartarini et al., (2004) states once this has been done Vd can be used in 
conjunction with Vf to eradicate this pathogen. 
 
1.12.7. Vdr1. 
More recently a major gene was found in “Dülmener Rosenapfel” and was mapped to LG 6 
and was named Vdr1 (Freslon et al., 2006). The authors speculate that due to the 
allopolyploid origin of apple, which is the duplication of the apple genome, and the 
similarities in the symptoms conditioned by this gene and Vf, this region of LG 6 might be 
homologous to the Vf region on LG 1. 
 
1.13. Overcoming resistance. 
As mentioned earlier, races 1-8 have thus far been identified in Venturia inaequalis. These 
have been identified due to Malus resistance against these pathogens (MacHardy, 1996; 
Gessler et al., 2006). Gessler et al., (2006) summarises the results obtained to date for these 
races and the pathogenicity on various cultivars (Table 1.3). 
 
 
 
 
Table 1.3 Pathogenicity of different Venturia inaequalis races on the set of differential host cultivars (from Gessler et al., 2006). 
 
Venturia inaequalis races Differential 
cultivars 
R gene 
1 2 3 4 5 6 7 8 
“Royal Gala” 
(h1) 
None S S S S S S S S 
“Dolga” (h2) 
 
none R S R R R R R R 
“TSR34T132” 
(h2)* 
Vh2 R S S R R R R R 
“Geneva” (h3) Not named R S S R R R R R 
“TSR33T239” 
(h4) 
Vh4 R R R S R R R R 
“9-AR2T196” 
(h5) 
Vm R R R R S R R R 
“Florina” (h6)* Vf and Vg R R R R R S R n.a. 
“M. floribunda 
821” (h7a) 
Vf R R R R R R S R 
“Golden 
Delicious” (h7b) 
Vg S S S S S S R S 
“M. sieversii 
W193B” (h8) 
Vh8 R S n.a. n.a. n.a. n.a. n.a. S 
              *The different hosts for race 2 and 6 were “TSR34T15” and “Prima”.  
              n.a. = data not available. 
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Although Vf has been successful as a scab resistance gene, cultivars carrying this gene were 
found to be susceptible to race 6 of Venturia inaequalis in Ahrensburg, Germany (Parisi et 
al., 1993). This was, however, not the case with the original Vf donor, “M. floribunda”, as it 
was not susceptible to this race. Bénaouf and Parisi, (2000) propose that resistance of “M. 
floribunda” to race 6 is caused by a second major gene viz. Vfh. Their findings support that 
of Gessler, (1989) that two genes are involved in resistance and one was lost through the 
breeding programmes or overcome by Venturia inaequalis. 
 
On the other hand, Roberts and Crute, (1994) did find isolates (to be later called race 7) that 
were virulent to “M. floribunda” and this was supported by studies by Bénaouf and Parisi, 
(2000). They also state that “Golden Delicious”, on the other hand, is resistant to race 7 and 
its resistance is conferred by the Vg gene. 
 
As previously mentioned, to combat this problem the various major genes or QTLs against 
apple scab should be pyramided together. With the existing markers and better markers being 
developed, MAS should be the strategy by means of which this breakdown in resistance can 
be prevented.  
 
1.14. Quantitative Trait Loci (QTLs) for scab resistance. 
For a stronger resistance to the effects of diseases, the identification and understanding of all 
the relevant genes involved is required. In addition to the major resistance genes in plants for 
a particular disease, there are additional minor genes contributing to resistance. Known as 
Quantitative Trait Loci (QTLs), these genes contribute a proportion of resistance to the total 
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defence. As mentioned in Section 1.5, resistance to scab is of a polygenic nature and various 
QTLs are known. Quantitative resistance, or partial resistance, involves a more complex 
interaction of the relevant genes in that these regions may occur on different linkage groups. 
Durel et al., (2003) identified four regions in a “Prima” x “Fiesta” cross that contained QTLs. 
These were positioned on LGs 1, 11, 15 and 17. They explain that the QTL detected on LG 1 
can be due to a residual effect of the Vf gene or a closely linked independent gene. In other 
words, a colocalisation exists between the QTL and the major gene. Two strains of race 6 
were used viz. 302 and EU-D-42, of which, in this case, only strain 302 identified this QTL. 
The authors suggest an explanation for the identification by one strain over the other on this 
linkage group as the 302 strain possibly having an affinity for a receptor of a member of the 
HcrVf cluster, whereas no member exists to recognise the EU-D-42 strain. The QTLs 
detected on LG 15 was also identified with only strain 302 and those on LGs 11 and 17 were 
identified using both strains. 
 
QTLs for both leaf and fruit scab were identified by Liebhard et al., (2003b) on a “Fiesta” x 
“Discovery” cross. A total of eight QTLs were identified, of which six were specific for leaf 
scab and two for fruit scab. The QTLs for leaf scab were identified on LGs 6, 7, 10, 11, 12 
and 17 and the QTLs for fruit scab was identified on LGs 15 and 17. The QTLs detected on 
LGs 11 and 17 were also detected by Durel et al., (2003). 
 
An extensive study done by Calenge et al., (2004) have also identified many QTL regions in 
a “Discovery” x “TN10-8” progeny. Using an array of different Venturia inaequalis races, as 
many as 24 QTLs were identified on LGs 1, 2, 5, 12, 13, 15 and 17. Those located on linkage 
groups 1, 2 and 17 were identified by as many as six or seven isolates that were tested, 
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whereas those on LGs 5, 12, 13 and 15 were identified with only one or two isolates. Of the 
24 QTLs identified, 19 were identified in only three different regions viz. LGs 1, 2 and 17. 
Those identified on LG 1 seem to colocalise with the Vf locus and those on linkage group 2 
colocalise either with Vr or Vh8 (or even Vh2). These different possibilities are due to the 
close proximity of these major genes on chromosome 2 and to previous studies (see Section 
1.12.3) designating many of these genes as being the same. The QTLs present on LG 12 
identified by Calenge et al., (2004) and Liebhard et al., (2003b) are not the same. However, 
Calenge et al., (2004) does associate their QTL with the Vg mapped by Durel et al., (2000) 
on LG 12, as it produced similar resistant symptoms as in “Golden Delicious”.  
 
A complementary result to Durel et al., (2003) and Calenge et al., (2004) was also published 
by Durel et al., (2004), whereby new QTLs were identified on LGs 3, 5, 10 and 15. LGs 1, 2, 
11 and 17 also contained QTLs with LG 17 containing the strongest, being identified with 
almost all the isolates tested. Those found on LG 1 were found close to the major genes Vf, 
Va and Vb (incorrect position). There is also the possibility that the QTLs on LG 17 might 
have an association with Vm identified by Patocchi et al., (2005) and the LG 10 QTL to Vd 
of Tartarini et al., (2004). It should also be noted that the QTLs identified on common LGs 
by Durel et al., (2003), Durel et al., (2004) and Calenge et al., (2004) are the same due to the 
collaborative project. 
 
Most of the QTLs identified on the same linkage groups in the various studies are identical to 
each other and should not be confused as representing different QTLs. By reviewing the 
various scab regions contributing to scab resistance, both major and minor genes (or QTLs) 
occur throughout the apple genome. It would therefore be beneficial for breeders to pyramid 
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the strongest and most reliable of these together to obtain a more durable resistance against 
this disease, preferably those identified with several isolates.  
 
1.15. Sub-lethal genes. 
Distorted or skewed segregations have been observed in Vf-containing apple progenies 
(Tartarini, 1996; Bus et al., 2002; Gao and van de Weg, 2006). Gao and van de Weg, (2006) 
have demonstrated that these distortions are due to three sub–lethal genes viz. sl1, sl2 and sl3. 
Of the six Vf-containing progenies (“Idared” x “Santana”, “Ecolette” x “Santana” (2), 
“Santana” x “Topaz”, “Santana” x “Ecolette” and “Ecolette” x “Topaz”) used by the authors, 
three progenies exhibited distortions using markers AL07-SCAR (Tartarini et al., 1999), 
M18-CAPS, U01-SCAR (Gianfranceschi et al., 1996), SCAR-D20 (Yang and Krüger, 1994; 
Gardiner et al., 1996; Yang and Korban, 1996), OPA15900, OPC09900, OPAB191430 (Gardiner 
et al., 1996; Tartarini, 1996) and OPAG12800 (Maliepaard et al., 1998). Both sl1 and sl2 were 
found to be linked to Vf, with sl1 being 14 cM away. However, sl2 and sl3 were not mapped. 
The study revealed that sl1 was only expressed after seed germination and sl2 was expressed 
before seed germination but that both these genes were only expressed when sl3 was present.  
 
According to Cheng et al., (1996), the marker displaying the strongest distortion is situated 
closest to the gene and in the study done by Gao and van de Weg, (2006) the SSR converted 
OPC09900 had the greatest distortion. The position of sl1 was thus determined based on this 
marker. It was found that sl1 was only lethal when it was present with sl3 in a double 
homozygous recessive state. Initially it was seen that in these plants there was dwarfism and 
poor vigour, which would ultimately develop into lethality.  
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1.16. Aims of this study. 
Resistance to apple scab involves both major and minor genes. Identifying and understanding 
all these contributing factors would result in better resistant cultivars being bred and 
ultimately better quality fruit being produced. Using microsatellite markers to identify 
informative regions in the genome would be useful in marker-assisted breeding and early 
identification of superior plants.  
 
This study aims to: 
•  Optimise microsatellite primers. 
•  Multiplex microsatellite primers for high throughput screening on a large “Lady 
Williams” x “Prima” seedling population. 
•  Construct a linkage map and identify QTLs. 
•  Evaluate the Vf resistance gene and flanking markers in the inheritance of resistance 
to apple scab. 
•  Characterise linkage distortion trends exhibited by linkage group 1 in the mapping 
population. 
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2. - MATERIALS AND METHODS 
 
2.1. General chemicals and enzymes. 
Acrylamide:Bis-acrylamide (40% 19:1)    Promega 
Agarose D1 LE       Promega 
APS (Ammonium persulphate)      Merck 
Boric acid        Merck 
Bromophenol blue       Sigma 
CTAB (N-cetyl-NNN-trimethyl ammonium bromide)   Saarchem 
Chloroform        BDH 
dNTPs (Deoxyribonucleotide triphosphate)     ABgene 
DTT (1,4 – Dithiothreitol)       Roche 
Ethanol        Merck 
EDTA (Ethylene diamine tetra-acetic acid)     Merck 
Ethidium bromide        Sigma 
Formaldehyde solution      Riedel-de Haën 
Formamide        Merck 
Gelatin        Merck 
GeneScan! 500 LIZ" standard     Applied Biosystems 
Hydrochloric acid        BDH 
Isoamyl alcohol       Merck 
Iso-propyl alcohol       BDH 
Magnesium chloride        Riedel-de Haën  
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Oligonucleotides       Applied Biosystems 
Polyvinyl-pyrrolidone (PVP-40)     Sigma 
POP 4         Applied Biosystems 
Potassium chloride        Saarchem 
Proteinase K solution       Applied Biosystems 
RNase A        Roche 
Silver nitrate        Merck 
Sodium acetate       Riedel-de Haën 
Sodium borohydride       Saarchem 
Sodium chloride        Merck 
Sodium hydroxide       BDH 
Spermidine        Sigma 
TEMED (N,N,N’,N’-Tetra methylethylenediamine)   Promega 
Tris (hydroxymethyl) aminomethane     Merck  
Urea         Merck 
Xylene cyanol        BDH  
 
2.2. General stock solutions and buffers. 
APS solution  10% (w/v) in deionised water.  
Agarose loading buffer 0.25 % (w/v) bromophenol blue, 0.25 % (w/v) xylene 
cyanol in 30% (v/v) glycerol in deionised water. 
CIA (Chloroform-isoamyl  
alcohol)    24:1 (v/v) chloroform and isoamyl alcohol. 
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DTT  10 % (w/v) in deionised water. 
PCR reagents 10x buffer: 100 mM Tris-HCl, 500 mM KCl, 15 mM 
MgCl2, 0.01 % gelatin, pH 8.3, in deionised water. 
 MgCl2: 50 mM in deionised water. 
 dNTPs: 5 mM in deionised water. 
Polyacrylamide loading buffer 80 % (v/v) formamide, 10 mM NaOH, 1 mM EDTA, 
0.1 % (w/v) xylene cyanol, 0.1 % (w/v) bromophenol 
blue in deionised water. 
RNase A buffer   0.1 M sodium acetate, 0.3 mM EDTA, pH 4.8. 
RNase A (DNase free) 20 mg/ml RNase in RNase A buffer (see above). 
Silver-staining solutions  Solution B: 5.9 mM AgNO3. 
Solution C: 375 mM NaOH, 2.6 mM NaBH4, 0.2 % 
formaldehyde solution. 
Sodium Acetate  3 M NaOAc with 1 mM EDTA, pH 5.2. 
Spermidine solution   25 mM in deionised water. 
Taq polymerase Produced by Dr M. Meyer (personal communication) 
from the Thermus aquaticus strain YT-1, E.coli strain 
DH5# and pUC18 vector (Desai and Pfaffle, 1995). 
2x CTAB 2 % (w/v) CTAB, 1% (w/v) PVP-40, 1.4 M NaCl, 100 
mM Tris-HCl, 20 mM EDTA, 1 mM DTT, pH 8.0 
10x TBE    0.9 M Tris, 0.89 M boric acid, 0.032 M EDTA.  
10x TE   100 mM Tris-HCl, 10 mM EDTA, pH 7.5. 
1 % agarose    1 % (w/v) agarose in 1x TBE. 
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6 % polyacrylamide gel  6 % acrylamide-bis, 7 M urea, 1x TBE, 0.1 % APS, 
0.04 % TEMED.   
 
2.3. Infection and inoculation of seedlings. 
This protocol was performed by Dr I.F. Labuschagné from the ARC Experimental Farm, 
Bien Donné, Simondium (South Africa). The seedlings were planted in June 2004 and were 
given high levels of nitrogen and balanced food growth for optimal growth. In September 
2004 the seedlings were inoculated with Venturia inaequalis, as they were at the same stage 
of development. The inoculum, which contained a mixture of different isolates, were 
collected by washing off the conidia spores from infected leaves from the orchards at Bien 
Donné. The infected leaves were soaked for one hour in water and the inoculum 
concentration was optimised to 5 x 10
4
 conidia/ml in water. The seedlings were then 
inoculated using a low-pressure spray gun in an infection chamber at 99 % RH and 16 ˚C. 
The seedlings were kept wet for 48 hours by applying a fine water spray for 20 seconds every 
30 minutes. The seedlings were then transferred to a greenhouse at 20-25 ˚C and kept there 
for approximately 1 month until disease symptoms developed.  
 
2.4. Phenotypic classification. 
Six mapping families were categorised into four classes of scab resistance/susceptibility by 
Mr T. Koopman and Dr I.F. Labuschagné from the ARC Experimental Farm according to the 
scale of Chevalier et al., (1991) (see Section 1.5). Note: no differentiation was made between 
classes 3a and 3b. Table 2.1 illustrates the total number of seedlings of each family that were 
planted for evaluation purposes. A smaller subgroup of these families were selected for map 
 
 
 
 
Table 2.1 The total number of seedlings planted for evaluation purposes for the
six populations.
1764*“Prima” x “Cripp’s Red”
(“Sundowner”)
286*“Co-op 22” x “Gold. Delicious”
392*“Co-op 22” x “Scarlet Gala”
1199*“Co-op 22” x “Autumn Blush”
2184“Lady Williams” x *“Priscilla”
944“Lady Williams” x *“Prima”
Total number of seedlingsPopulation
* Vf-containing parent.
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construction and genetic analysis purposes (Table 2.2). The scoring of these seedlings was 
performed in October 2004.  
 
2.5. Collection of leaf material. 
Two or three young apple leaves were collected from each individual seedling from the 
subgroup of the six families in January/February 2005 at Bien Donné (Table 2.2). These were 
bagged and stored for approximately 1-2 hours on ice until frozen at -20 ˚C. 
 
2.6. DNA extraction. 
The DNA was extracted from leaves using a modified CTAB protocol originally from Doyle 
and Doyle, (1987). For each of the leaf samples, one half (approximately 100 mg) was cut 
into finer pieces with a sterile blade and placed into microtubes. A metal bead was placed 
into the microtube and closed. The microtubes were attached in a 96-sample format and the 
entire block of samples was frozen in liquid nitrogen for a few seconds. Thereafter the 
samples were placed in a Qiagen!
 
TissueLyser and the samples were shaken for 30 seconds. 
This was repeated until the samples were ground to a fine powder. The metal beads were 
removed and 500 µl of 2x CTAB, containing 1 mM DTT, was added and incubated at 65 ˚C 
for 30 minutes. The samples were centrifuged for 5 minutes at 9 000 x g. The supernatant 
was transferred to new microtubes to which Proteinase K solution was added to a final 
concentration of 100 µg/ml and incubated at 37 ˚C for 30 minutes. Equal volumes of CIA 
(24:1) were added and the samples were inverted for 10 minutes. The samples were then 
centrifuged at 9 000 x g for 10 minutes. The supernatant was then transferred to new 
microtubes. RNase was added to a final concentration of 100 µg/ml and the samples were 
 
 
 
 
198“Prima” x “Cripp’s Red”
(“Sundowner”)
149“Co-op 22” x “Golden Delicious”
189“Co-op 22” x “Scarlet Gala”
205“Co-op 22” x “Autumn Blush”
216“Lady Williams” x “Priscilla”
180“Lady Williams” x “Prima”
No. of collected
seedlings
Population
Table 2.2 The subgroup of seedlings chosen and collected for mapping 
purposes for the six populations.
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incubated at 37 ˚C for 1 hour. Equal volumes of CIA (24:1) were added and the samples were 
inverted for 5 minutes.  Thereafter the samples were centrifuged for 10 minutes at 9 000 x g. 
The supernatant was transferred to new microtubes and 2/3 volume of ice-cold isopropanol 
was added. The samples were inverted for 3 minutes and incubated at -20 ˚C overnight. Then 
the samples were centrifuged for 20 minutes at 9 000 x g. Very carefully the supernatant was 
discarded and the pellet was redissolved in 200 µl of 0.3 M NaOAc, 1 mM EDTA, pH 5.2. 
The samples were mixed by vortexing. Then 600 µl of 100 % ethanol was added and the 
samples were vortexed. The samples were then incubated at -80 ˚C for 2 hours. Thereafter 
the samples were centrifuged at 9 000 x g for 20 minutes. The supernatant was carefully 
discarded and the pellets were air-dried. The pellets were dissolved in 100 µl of 1x TE. The 
quality of the DNA was tested by electrophoresis on 1 % agarose (Section 2.10.2.) and a 
multiplex PCR on each of the seedlings to ensure that the markers were amplified properly 
(Section 2.9.3.). 
 
2.7. Microsatellite primer design. 
New apple microsatellites were identified from apple ESTs data (Korban et al., 2005; Naik et 
al., 2006; Newcomb et al., 2006) and designed using the Tandem Repeats Finder (Benson, 
1999) software using the Tandem Repeats Finder database system (http://tandem.bu.edu/) 
(work done by Ms M.M. van Dyk and Mr M.K. Soeker - personal communication). Both 
apple and pear published microsatellite primer pairs (Hokanson et al., 1998; Guilford et al., 
1997; Gianfransceshi et al., 1998; Liebhard et al., 2002; Yamamoto et al., 2002b, c; Vinatzer 
et al., 2004; Silfverberg-Dilworth et al., 2006) and newly identified primer pairs were 
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synthesised where the primer closest to the microsatellite was fluorescently-labelled using the 
6-FAM (blue), NED (yellow), PET (red) and VIC (green) dyes.  
 
2.8. Amplification of DNA using polymerase chain reaction (PCR). 
For the fluorescently-labelled microsatellite primer pairs the general PCR reaction conditions 
were as follows: in 1x reaction buffer; MgCl2 was at a final concentration of 2 mM; the 
dNTPs were normally at 50 µM but at times 100 µM; the primer concentration was 0.02 µM; 
1 mM of spermidine; the enzyme Taq polymerase was used at 1 U per reaction; 10 ng of 
template DNA in each reaction.  
 
For the non-fluorescently-labelled primer pairs (AL07 and hypervariable marker (HVM)) 
there were slight changes to the reaction conditions and they were as follows: MgCl2 was at a 
final concentration of 3 mM; dNTPs were 100 µM; the primers were at 0.5 µM and no 
spermidine was used. 
 
The general PCR temperature profile were performed as follows:  96 ˚C - 5 min; 94 ˚C - 40 s, 
60 ˚C – 40 s, 72 ˚C - 20 s, repeated for 35 cycles; followed by 72 ˚C – 10 min. After 
completion, PCR products were electrophoresed on 6 % polyacrylamide or 1 % agarose gels 
(Sections 2.10.1 and 2.10.2). 
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2.9. Optimisation of microsatellite primer pairs. 
2.9.1. Touchdown PCR. 
The annealing temperature of this type of PCR decreases by 0.5 ˚C or 1 ˚C after each cycle 
for 20 or 10 cycles respectively (touchdown). This resulted in a total of a 10 ˚C decrease in 
annealing temperature. 
 
2.9.2. Touchdown PCR with gradient. 
This method, in addition to a touchdown step, utilises a gradual increase of annealing 
temperature across the heating block of the Eppendorf! Mastercycler Gradient.  
 
2.9.3. Multiplex PCR. 
This PCR comprises of more than one polymorphic microsatellite primer pair per reaction 
and depending on the primers, 0.012 µM – 0.04 µM was generally used for each primer. The 
only change to the reagents was the dNTPs at a final concentration of 100 µM and the 
following conditions were used: 96 ˚C – 5 min; 94 ˚C – 40 s, 55 ˚C – 1 min, 65 ˚C – 2 min, 
repeated for 40 cycles; followed by 65 ˚C – 30 min (Note: the elongation temperature was 
changed from 72 ˚C to 65 ˚C). 
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2.10. Gel electrophoresis of DNA. 
2.10.1. Polyacrylamide gel electrophoresis. 
The Hoefer Mighty Small" SE245 Dual Gel Caster system with glass plates (8 x 10 cm) were 
used and assembled according to manufacturer’s instruction. A 6 % polyacrylamide gel was 
prepared as in Section 2.2. The gel was poured in the plates, which was supported by the 
caster. The PCR product was added to formamide loading buffer (Section 2.2) and denatured 
at 96 ˚C for 3 minutes and placed on ice. The samples were loaded into the wells of the gel 
and electrophoresed at 15 V/cm in 1x TBE for 1 hour. Thereafter the gel was silver-stained 
(Section 2.11). 
 
2.10.2. Agarose gel electrophoresis. 
A 1 % agarose gel was prepared as in Section 2.2 containing 0.5 µg/ml ethidium bromide.  
The DNA was added to loading buffer (Section 2.2), which was loaded into the wells and 
electrophoresed in 1x TBE at 10 V/cm for 1-2 hours. 
 
2.11. Silver-staining. 
After electrophoresis of the polyacrylamide denaturing gel, the gel was stained in Solution B 
(Section 2.2) on a shaker for 10 minutes. Thereafter Solution B was discarded and the gel 
was rinsed three times in water. This was followed by staining in Solution C (Section 2.2) for 
approximately 20 minutes, until the PCR product was clearly visible. 
 
 
 
 
 
 43 
2.12. Automated electrophoresis on ABI 310 Genetic Analyzer. 
Electrophoresis was carried out according to manufacturer’s instructions with 25 µl of 
formamide, 3 µl of PCR product and 0.1 µl of GeneScan! 500 LIZ" standard. The mixture 
was denatured at 96 ˚C for 5 minutes with snap cooling thereafter. Samples were loaded into 
the ABI 310 Genetic Analyzer, which were electrophoresed for 35 minutes and the allele 
sizes were determined using the 310 GeneScan! 3.1.2 software. 
 
2.13. Allele scoring using Genotyper!. 
The GeneScan! file(s) was imported to the Genotyper! 2.5.2 program and the relevant alleles 
for each microsatellite was assigned a label and the necessary data for the relevant marker 
was scored according to manufacturer’s instruction. Where more than the necessary peaks 
were identified by the software, manual filtering was done to eliminate them. 
 
2.14. Map construction. 
The linkage of markers was performed using the JoinMap! 4.0 program (Stam, 1993; Van 
Ooijen, 2006). A LOD score of 6 was used to generate the linkage groups. The Kosambi 
mapping function was used to calculate map distances. Certain markers were excluded when 
their segregation distortion negatively influenced those assigned on the same linkage group. 
For coding purposes, the “Prima” parent was regarded as the “first parent” and the “Lady 
Williams” parent as the “second parent.” The Graphical Genotyper! (GGT) program was 
used to graphically illustrate the genotypes of the LG 1 markers of the two parents across the 
population. 
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3. - OPTIMISATION OF MICROSATELLITE PRIMERS 
 
3.1. Introduction. 
Microsatellites are the most frequently used markers today. Due to their high levels of 
polymorphism, co-dominance and easily reproducibility between laboratories, they have been 
chosen for mapping purposes in this study. Many published apple microsatellites (Guilford et 
al., 1997; Gianfransceshi et al., 1998; Hokanson et al., 1998; Liebhard et al., 2002; Vinatzer 
et al., 2004; Silfverberg-Dilworth et al., 2006) are available of which most have already been 
mapped on the different linkage groups. Due to the close relationship of apple and pear, 
published pear microsatellites (Yamamoto et al., 2002b, c) are also available that can be used 
for apple mapping.  
 
There is the potential for more apple microsatellites being identified from ESTs databases. 
Large amounts of apple sequence data have been made available in the last two years and 
these resources can further strengthen the position of apple genomics. In conjunction with the 
published sources, these new microsatellites would result in closer proximity of markers to 
informative genomic regions.  
 
By using PCR, microsatellites can be easily amplified in a relatively short time. In addition to 
the predicted microsatellites needing optimisation, the published microsatellites also need 
optimisation. This is to confirm expected results and also to improve primer performance. 
Problems that can be experienced, e.g. the presence of artefacts, stuttering fluorescent peaks 
on the ABI 310 Genetic Analyzer, which are caused by Taq polymerase slippage, and non-
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specific primer annealing occurring, could all lead to misinterpreted results. Artefact 
formation is the presence of an additional fragment(s) with the desired marker. It could be the 
result of the primer annealing non-specifically on the template DNA and if no information is 
known about the particular marker to be amplified, this additional fragment is then scored. 
Stuttering peaks make the exact scoring of a particular allele extremely difficult. The Taq 
polymerase enzyme amplifies incomplete sequences and “drops off” (“slippage”) the 
template resulting in slightly different lengths of product than the expected size. These 
varying products vary in base pairs dependent on the type of nucleotide repeat being 
amplified (e.g. di-, tri-) and are detected by the ABI 310 Genetic Analyzer as a combination 
of different peaks together. Inaccurate scoring of alleles can therefore occur, which could 
jeopardise the experiment. Obtaining the correct PCR conditions (temperatures, cycle 
duration, reagent concentrations, template concentration) is essential in eliminating or 
reducing these problems.  
 
Aims. 
This section was aimed at optimising the apple and pear primer pairs from published 
microsatellites (Guilford et al., 1997; Gianfransceshi et al., 1998; Hokanson et al., 1998; 
Liebhard et al., 2002; Yamamoto et al., 2002b, c; Vinatzer et al., 2004; Silfverberg-Dilworth 
et al., 2006) and those newly identified from ESTs (Korban et al., 2005; Naik et al., 2006; 
Newcomb et al., 2006). However, only a subset of the available primer pairs were used and 
noted in this thesis. Table 3.1 lists all the primer pairs used in this study (All the available 
primer pairs were optimised either by the author in this study or by other members of MAB 
apple group in the Dept of Biotechnology, University of the Western Cape. Involvement of 
other individuals was due to this study being part of a larger MAB program project). 
 
 
 
 
Table 3.1 List of primer pairs used in this study. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A10 NZ02b1 NED – ccg tga tga caa agt gca tga 
 
atg agt ttg atg ccc ttg ga 
 
200-240 15 
A12 NZ05g8 
 
6-FAM – cgg cca tcg att atc tta ctc tt 
 
gga tca atg cac tga aat aaa cg 
 
112-125 4 
A14 NZ23g4 
 
6-FAM – ttt ctc tct ctt tcc caa ctc 
 
agc cgc ctt gca tta aat ac 
 
80-123 6 
A15 NZ28f4 
 
NED – tgc ctc cct tat ata gct ac 
 
tga gga cgg tga gat ttg 
 
90-110 12 
A29 AT000141 
 
VIC – gaa ata aac acc gag taa aca g 
 
tgc tat ctg gtt ttc ttt tag c 
 
86-116 No position 
A32 CH05g08 6-FAM – cca aga cca agg caa cat tt ccc ttc acc tca ttc tca cc 
 
156-179 1 
A34 CH01c06 
 
NED – ttc ccc atc atc gat ctc tc 
 
aaa ctg aag cca tga ggg c 
 
146-188 8 
A35 CH01f02 VIC – acc aca tta gag cag ttg agg 
 
ctg gtt tgt ttt cct cca gc 
 
174-206 12 
A36 CH02g09 
 
NED – tca gac aga aga gga act gta ttt g 
 
caa aca aac cag tac cgc aa 
 
98-144 8 
A37 CH02c06 
 
VIC – tga cga aat cca cta cta atg ca 
 
gat tgc gcg ctt ttt aac at 
 
216-254 2 
A38 CH05e03 NED – cga ata ttt tca ctc tga ctg gg 
 
caa gtt gtt gta ctg ctc cga c 
 
158-190 2 
A41 CH02c02b VIC – tgc atg cat gga aac gac 
 
tgg aaa aag tca cac tgc tcc 78-126  4 
A42 CH05d02 
 
NED – aaa ctc cct cac ctc aca tca c 
 
aat agt cca atg gtg tgg atg g 
 
194-241 4 
A43 CH04e03 6-FAM – ttg aag atg ttt ggc tgt gc 
 
tgc atg tct gtc tcc tcc at 
 
179-222 5 
A44 CH05e06 6-FAM – aca cgc aca gag aca gag aca t 
 
gtt gaa tag cat ccc aaa tgg t 
 
125-222 5 
A45 CH03d07 
 
NED – caa atc aat gca aaa ctg tca ggc ttc tgg cca tga ttt ta 186-226 6 
A46 CH05a05 6-FAM – tgt atc agt ggt ttg cat gaa c 
 
gca act ccc aac tct tct ttc t 
 
198-233 6 
 
 
 
 
 
Table 3.1 continued. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A48 CH01h02 
 
6-FAM – aga gct tcg agc ttc gtt tg 
 
atc ttt tgg tgc tcc cac ac 
 
236-256 9 
A49 CH05c07 
 
NED – tga tgc att agg gct tgt act t ggg atg cat tgc taa ata gga t 
 
107-149 9 
A59 CH03d08 6-FAM – cat cag tct ctt gca ctg gaa a 
 
tag ggc tag gga gag atg atg a 
 
121-173 14 
A61 CH04c07 
 
NED – ggc ctt cca tgt ctc aga ag 
 
cct cat gcc ctc cac taa ca 
 
85-135 14 
A62 CH04f06 NED – ggc tca gag tac ttg cag agg 
 
atc ctt aag cgc tct cca ca 
 
159-186 14 
A64 CH05e05 
 
NED – tcc tag cga tag ctt gtg aga g 
 
gaa acc acc aaa ccg tta caa t 
 
127-160 14 
A65 CH05g11 6-FAM – gca aac caa cct ctg gtg at 
 
aaa ctg ttc caa cga cgc ta 
 
201-259 14 
A67 CH02c09 
 
NED – tta tgt acc aac ttt gct aac ctc 
 
aga agc agc aga gga gga tg 
 
229-258 15 
A71 CH01h01 NED – gaa aga ctt gca gtg gga gc 
 
gga gtg ggt ttg aga agg tt 
 
97-134 17 
A72 CH05g03 
 
NED – gct ttg aat gga tac agg aac c cct gtc tca tgg cat tgt tg 
 
132-192 17 
A73 CH01f12 
 
6-FAM - ctc ctc caa gct tca acc ac 
 
gca aaa acc aca ggc ata ac  
 
133-174 10 
A74 CH02a10 NED - atg cca atg cat gag aca aa 
 
aca cgc agc tga aac act tg  
 
143-177 10 
A75 CH02b03b 
 
6-FAM - ata agg ata caa aaa ccc tac aca g 
 
gac atg ttt ggt tga aaa ctt g 
 
74-109 10 
A76 CH02c11 NED - tga agg caa tca ctc tgt gc ttc cga gaa tcc tct tcg ac 
 
193-239 10 
A78 COLa 
 
6-FAM - agg aga aag gcg ttt acc tg  
 
gac tca ttc ttc gtc gtc act g 
 
218-268 10 
A79 MS01a03 
 
VIC - agc agt ata ggt ctt cag 
 
tgc gta gat aac act cga t 
 
209-253 10 
A80 MS02a01 
 
NED - ctc cta cat tga cat tgc at  
 
tag aca ttt gat gag act g 
 
168-194 10 
 
 
 
 
 
Table 3.1 continued. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A81 MS06g03 VIC - cgg agg gtg tgc tgc cga ag 
 
gcc cag ccc ata tct gct  
 
144-180 10 
A84 CH02f06 
 
VIC - ccc tct tca gac ctg cat atg 
 
act gtt tcc aag cga tca gg 
 
134-164 2 
A85 CH03d01 6-FAM - cgc acc aca aat cca act c 
 
aga gtc aga agc aca gcc tc 
 
95-119 2 
A87 CH03e03 
 
6-FAM - gca cat tct gcc tta tct tgg 
 
aaa acc cac aaa tag cgc c 
 
184-199 3 
A89 CH04e02 
 
6-FAM - ggc gat gac tac cag gaa aa 
 
atg tag cca agc cag cgt at 
 
130-163 4 
A90 CH02b12 VIC - ggc agg ctt tac gat tat gc 
 
ccc act aaa agt tca cag gc 
 
101-143 5 
A91 CH03a04 
 
VIC - gac gca taa ctt ctc ttc cac c 
 
tca agg tgt gct aga caa gga g 
 
92-124 5 
A92 CH03a09 VIC - gcc agg tgt gac tcc ttc tc 
 
ctg cag ctg ctg aaa ctg g 
 
122-151 5 
A94 CH03d12 VIC - gcc cag aag caa taa gta aac c 
 
att gct cca tgc ata aag gg 
 
97-154 6 
A95 CH01f09 
 
6-FAM - atg tac atc aaa gtg tgg att g 
 
aat tcc aat ttc aga aca gg 
 
114-160 8 
A96 CH01h10 
 
NED - tgc aaa gat agg tag ata tat gcc a 
 
agg agg gat tgt ttg tgc ac 
 
88-120 8 
A97 CH01f03b VIC - gag aag caa atg caa aac cc ctc ccc ggc tcc tat tct ac 
 
137-190  9 
A98 CH02d12 
 
6-FAM - aac cag att tgc ttg cca tc 
 
gct ggt ggt aaa cgt ggt g 
 
170-199  11 
A101 CH04d07 6-FAM - tgt cct cca atc tta acc cg 
 
cac aca gac gac aca ttc acc 
 
110-144  11 
A105 CH01g12 
 
6-FAM - ccc acc aat caa aaa tca cc 
 
tga agt atg gtg gtg cgt tc 
 
102-186 12 
A107 CH04d02 
 
NED - cgt acg ctg ctt ctt ttg ct 
 
cta tcc acc acc cgt caa ct 
 
118-146 12 
A108 CH04g04 6-FAM - agt ggc tga tga gga tga gg 
 
gct agt tgc acc aag ttc aca 
 
168-186 12 
 
 
 
 
 
Table 3.1 continued. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A109 CH05d11 
 
NED - cac aac ctg ata tcc ggg ac 
 
gag aag gtc gta cat tcc tca a 
 
167-211 12 
A113 CH01d08 
 
NED - ctc cgc cgc tat aac act tc 
 
tac tct gga ggg tat gtc aaa g 
 
237-290 15 
A114 CH03b06 6-FAM - gca tcc ttg aat gag gtt cac t 
 
cca atc acc aaa tca atg tca c 
 
81-131 15 
A115 CH03b10 NED - ccc tcc aaa ata tct cct cct c 
 
cgt tgt cct gct cat cat act c 
 
96-121 15 
A116 CH04g10 
 
NED - caa aga tgt ggt gtg aag agg a 
 
gga ggc aaa aag agt gaa cct 
 
124-168 15 
A118 CH02d10a NED - tga ttt cct ttt tcg caa gg 
 
ttc atc gtt ccc tct cca ac 212-242 16  
A120 CH05e04 
 
6-FAM - aag gag aag acc gtg tga aat c 
 
cat gga taa ggc ata gtc agg a 
 
150-234  16 
A122 CH04c06 
 
VIC - gct gct gct gct tct agg tt 
 
gct tgg aaa agg tca ctt gc 
 
155-193 10 & 17 
A126 CH01b09b PET – tta tag cag caa cag gag cg tat tcg gga ggc atg gta tg 
 
172-185 4  
A130 CH01c09 
 
PET - tca tct ttc tcg cct gcc 
 
tcc atc aaa acc aag ttt tcg 
 
87-108 No position 
A133 CH01d03 
 
PET - cca ctt ggc aat gac tcc tc 
 
acc tta ccg cca atg tga ag 
 
130-160 4 & 12 
A135 CH01e09b 
 
PET - cca tcc aac tac tgc ctt tcc 
 
ttt gat gaa ccc ctt ctt cc 
 
118-140 10 
A136 CH01e12 
 
PET - aaa ctg aag cca tga ggg c 
 
ttc caa ttc aca tga ggc tg 
 
246-278 8 
A145 CH02g01 PET - gat gac gtc ggc agg taa ag 
 
caa cca aca gct ctg caa tc 
 
198-238 13 
A146 CH02h07 
 
PET - tga gct gac aag tgt aaa atg c 
 
gcc gaa caa tgt aaa gct cg 
 
214-240 No position 
A147 CH02h11b 
 
PET - ggg acg taa aca ggt att ctc tc 
 
atg gtt agg cca agc aca tc 
 
214-240 12 
A162 CH04f04 
 
PET - gtc ggt aca aac tca gga cc 
 
cga cgt tcg atc ttc ctc tc 
 
144-169 5 
 
 
 
 
 
Table 3.1 continued. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A165 CH04g09 
 
PET - ttg tcg cac aag cca gtt ta 
 
gaa gac tca tgg gtg cca tt 
 
141-177 5 &10  
A167 CH05a02 PET - gtt gca aga gtt gca tgt tag c 
 
ttt tga ccc cat aaa acc cac 
 
110-136 8 & 15 
A168 CH05a03 
 
PET - cgg ctg agc atg gtt act tc 
 
tga tcg ttg tga aag ctc ca 
 
182-220 9 
A169 CH05a09 
 
PET - tga ttt aga cgt cca ctt cac ct 
 
tga ttg gat cat ggt gac tag g 
 
150-200 No position 
A171 CH05c02 PET - tta aac tgt cac caa atc cac a 
 
gcg aag ctt tag aga gac atc c 
 
162-202 11 
A172 CH05d08 
 
PET - tca tgg atg gga aaa aga gg 
 
tga ttg cca cat gtc agt gtt 
 
91-143 9 &17 
A173 CH05g01 
 
PET - ttt cat tca act tca cct ctc 
 
ctc ctt tcc gat tct tct att tca 
 
235-276 No position 
A177 CH05h05 
 
PET - aca tgt cac tcc tac gcg g 
 
gtg cag tga tta gca ttg ctg t 
 
168-184 13 
A188 CN490740 
 
6-FAM – agg atc ctt cct cga ttt gc 
 
ggc att gag gtt ctt gat cc 
 
190-213  10 
A193 CN492206 6-FAM – aca tac tgg agt ctg cga gc 
 
caa tac gct agt gaa gac gc 
 
345-471  13 
A200 CN493925 
 
NED – tct cct tca ctt ccc att cc 
 
tgg tga tgg cat aca cat cc 
 
318-405 No position 
A215 CN496844 VIC – gga tca aca gca aca gca gc 
 
ctt gga ccg gag cat gtc c 
 
181-208 No position 
A217 CN579502 6-FAM – tcg tga agt gcc aag tat cg 
 
tgg cgg act gct caa ttg c 
 
248-289 No position 
A219 CN580620 6-FAM – tgc ggt caa cga tgt ctt cg 
 
aag gta caa gcc cgc aaa gg 
 
376-385  12 
A227 CN493171 
 
NED – tct tac ttc gtc ggt gga cc tgt gtg gct att acc tga gg 
 
337-385 No position 
A231 CN580271 
 
VIC – tct ggc tct cat cgg ttt gc tcg atg ccc ttg taa cgc c 217-271 No position 
A234 CN938125 NED – gcc ttc atc ccc cct tga 
 
ggt gta tag gaa tct tgg ag 
 
335-354 17 
 
 
 
 
 
Table 3.1 continued. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A238 CN865016 6-FAM – ttc ttc aca ccc ttc aat cc 
 
aaa gcg cct gcg att gcg 
 
328-346 15 
A260 CN935817 VIC – gcc ttc caa gcg tct tgg tta tca aca agc gcc gtt cc 
 
209-243 No position 
A279 CN887525 
 
NED – tag tag cta cac act ctt tcc 
 
gca ttg cct tga gct cca g 
 
207-221 5 
A283 CN921216 
 
6-FAM – cgc aca ccc cca aat gcg  
 
aga gct tgt cgc cct cgg 
 
330-385  No position 
A293 CN944444 
 
NED – tag tgc aag tac tgg ggc c 
 
cat cga tag aat agg acg gc 
 
372-429 No position 
A318 CN580227 
 
NED – gac gta aaa tcc cta att ccc 
 
tca tcc cag tcg tct tcc c 
 
269-273 No position 
A319 AF527800 (from same sequence 
as Silfverberg-Dilworth et al., 
(2006)) 
ttg gtc aga cat aca ctg gg VIC – ggt ggt aaa tct cca cta cc 
 
329-352  17 
A320 CN580637 
 
6-FAM – aca aca gct gac gaa caa gc 
 
cta ctc gtc gaa gta cgc c 416-475 15 
A323 CN490058 
 
PET – cat tgc tca aat cac cct cc 
 
gtc gca gga caa gta gag g 
 
~246 No position 
A329 CN496002 
 
NED – agc agc agc tag gct aga gc 
 
aaa ttg cct tgc cag att agc 
 
208-229 No position 
A331 AB162040 VIC – gga gtg cta tta gct cct cc 
 
tcc ttg aat ctc aac tct agg 
 
266-302 12 
A335 CO052033 
 
NED – ttg cca atc cgc att cgc c 
 
tga ggt tcc cgc cct tgc 
 
188-196 5 
A343 CV084260 
 
6-FAM – caa agc aaa aca gag gat ttg 
 
gga gcg cat gaa att act gc 
 
218-350 16 
A365 CO903680 PET – cag cag ttg caa caa gtc c gtg gaa atg gct aag caa gc 
 
242-258 11 (bin mapped) 
A381 CO751676 tgt ggc tct gga tgg ttc c 
 
VIC – tac cag tcc atc cgt ata gc 
 
214-235 10 
A383 CO903298 6-FAM – ttg aga agc aat gct gcc tc 
 
tgc cac agt tgg aag gtg g 
 
340-358  9 
A398 CN490644 
 
NED – atc tca cac ctc agc agt ga 
 
ctt ctg ccc aat tca aga cc 
 
261-371 10 
 
 
 
 
Table 3.1 continued. 
 
New coding Primer name/accession no Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Size range (bp) *Maps on LG# 
A401 CN544835 
 
VIC – agg aga gct ttc tgc att cc 
 
agc gct atc ccc agc tgc 
 
~187 5 
A412 CN492999 
 
PET – atg aga gag agc tac ctc ac 
 
gta caa gtt cag cag tga cc 
 
215-219 No position 
A422 CV627191 ctt aat cac cca tca ttc ccc 
 
6-FAM – ctc tgt cgg cta act aac cc 
 
296-319  No position 
A452 CO900827 
 
NED – acc ttg gtg gcc aag tag c 
 
ctt gcg tat caa agc tgc cg 
 
427-443 No position 
A536 Hi02c07 VIC – aga gct acg ggg atc caa at gtt taa gca tcc cga ttg aaa gg 108-149 1 
 
A538 CHVf1 VIC – atc acc acc agc agc aaa g cat aca aat caa agc aca acc c 129-174 1 
 
A568 Hi12c02 NED – gca atg gcg ttc tag gat tc gtt tca cca aca gct ggg aca ag 166-190 1 
 
A582 Hi07d08 6-FAM – tga cat gct ttt aga ggt gga c gtt tga ggg gtg tcc gta caa g 222-232 1 
 
#
AL07 AL07 tgg aag aga gat cca gaa agt g cat ccc tcc aca aat gcc 517-724 1 
 
#
HVM n/a caa aca tgc tcc ctt ctt tgg gca ttt tga gtt gac caa taa c 468-826 1 
 
P21 AB219793 – KA4b 6-FAM – aaa ggt ctc tct cac tgt ct cct cag ccc aac tca aag cc 134-137 1 
 
 
Anumber: new coding used for easy referral for apple primer pairs. 
Pnumber: new coding used for easy referral for pear primer pairs. 
Red: predicted primer pairs. 
Blue: these linkage groups were obtained on “Anna” x “Golden Delicious” or “Anna” x “Sharpe’s Early” or “Golden Delicious” x “Prima” 
crosses (Ms M.M. van Dyk – personal communication).   
* Map positions based on Maliepaard et al., (1998); Liebhard et al., (2002); Liebhard et al., (2003a) and Silfverberg-Dilworth et al., (2006). 
#  
Not microsatellites. 
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Optimisation involved finding the optimal annealing temperature for each primer using a 
temperature gradient with touchdown PCR (Section 2.9.2). This temperature was thereafter 
used and tested across different apple cultivars for polymorphism (Section 2.9.1).  
 
3.2. Touchdown PCR with gradient. 
Both published and predicted primer pairs had an expected range of product size. This was 
used to identify the appropriate PCR product in the optimisation process. The “Prima” 
cultivar was used to optimise the primer pairs and this was carried out at an annealing 
temperature gradient of 50-65 ˚C (with a touchdown protocol utilising a decrease of 1 ˚C per 
cycle for 10 cycles, as in Section 2.9.2). Figure 3.1 illustrates the 183 bp and 203 bp expected 
fragments for marker A43 and the 122 bp and 140 bp fragments for marker A59 
electrophoresed on a 6 % polyacrylamide gel (Section 2.10.1). For marker A43 the desired 
product maintains its intensity, while there is a slight decrease in unspecific bands from lower 
to higher annealing temperatures. For marker A59 there is an obvious increase in the desired 
product and also a decrease in non-specific products from lower to higher annealing 
temperatures. This procedure was carried out on the other published and predicted primer 
pairs available.  
 
3.3. Touchdown PCR. 
Figure 3.2 shows marker A43 screened across cultivars “Elegant”, “Priscilla”, “Dietrich”, 
“Jonathan”, “Malus floribunda”, “Liberty”, “Resista”, “Prima” and “Lady Williams” 
electrophoresed on a 6 % polyacrylamide gel (Section 2.10.1). This was carried out at an 
annealing temperature of 60 ˚C (with a touchdown protocol utilising a decrease of 1 ˚C per 
 
 
 
 
Figure 3.1 Touchdown with gradient PCR for microsatellite optimisation.
The “Prima” cultivar was used to optimise the annealing temperature for adequate
amplification of the A43 and A59 markers, which were electrophoresed on a 6 %
polyacrylamide gel. Lane 1: molecular weight marker; lanes 2-5: marker A43 with
annealing temperatures 50, 55, 60 and 65 ˚C respectively; lane 6: molecular weight
marker; lanes 7-10: marker A59 with annealing temperatures 50, 55, 60 and 65 ˚C
respectively.
~ 175 bp
~ 120 bp
~ 185 bp
~ 220 bp
1     2     3    4     5     6    7     8    9    10
 
 
 
 
Figure 3.2 Touchdown PCR using marker A43.
The product of different apple cultivars were electrophoresed on a 6 % polyacrylamide
gel to  demonstrate polymorphism, which was required for mapping purposes. Lane 1:
molecular weight marker; lane 2: “Elegant”; lane 3: “Priscilla”; lane 4: “Dietrich”; lane
5: “Jonathan”; lane 6; “Malus floribunda”; lane 7: “Liberty”; lane 8: “Resista”; lane 9:
“Prima”; lane 10: “Lady Williams”.
1      2     3       4       5     6       7      8       9     10
~ 175 bp
~ 120 bp
~ 185 bp
~ 220 bp
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cycle for 10 cycles, as in Section 2.9.1), which was obtained from the result of Section 3.2, 
Figure 3.1. The different allele sizes observed between the cultivars, demonstrates that this is 
a very polymorphic marker. The gradient optimisation was successful, as no non-specific 
bands are evident in this experiment. This procedure was carried out on the other published 
and predicted primer pairs available.  
 
There were a total of 111 microsatellites used in this study, of which approximately 30 were 
optimised in this project, and the rest by the MAB apple group. This included 81 published 
primer pairs, of which one was a pear microsatellite and 80 were apple microsatellites, and 
30 predicted apple primer pairs (Table 3.1).  
 
3.4. Summary. 
The process of optimising the necessary primer pairs by firstly using touchdown PCR in 
conjunction with a gradient was crucial in initially optimising the primer pairs for routine 
screening. The touchdown technique was chosen due to it resulting in a more specific 
annealing of primers to the template DNA. This is because it allows for a more gradual 
decrease in annealing temperature and thus, a wider “exposure” of temperatures for primer 
annealing. This advantage, with the added gradient, would allow for a more accurate choice 
of temperature to be used for a particular primer pair. The incorrect annealing temperature 
causes non-specific annealing of primers, which results in various undesirable bands on the 
gel. With regard to the published primer pairs, the respective sizes for certain cultivars or the 
range of sizes to be expected is known, which provides a guideline for the correct fragment(s) 
to be observed. This is also true for the predicted primer pairs, as the primers are designed 
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from certain known apple sequences. This allows for any unwanted fragments to be ignored 
or more often, the need for further improvement. Without this prior information, optimisation 
would be extremely difficult. 
 
When the proper temperature of a specific primer, which was tested on one cultivar, was 
known, this temperature could be applied to the analysis of the marker using a variety of 
cultivars. This is necessary for the detection of polymorphism, which is important for 
mapping. It was also necessary to test whether the temperature obtained from the gradient 
PCR (with touchdown) could be applied to other cultivars, which would reinforce its success. 
Markers, which display no polymorphism between the respective parents of a cross (i.e. are 
homozygous) are uninformative and therefore cannot be mapped on that particular cross. 
This is due to there being no observable segregation from the parents to the offspring. On the 
other hand, markers that display polymorphism can be traced from the parents to the progeny 
and are therefore ideal for mapping. Only those markers that were polymorphic across 
different cultivars were used in this study, as they are extremely informative. 
 
The primer, MgCl2, dNTPs and Taq polymerase concentrations also had to be ideal for 
adequate amplification of the PCR product. Either having an excess or shortage of these will 
result in no product being formed or an insufficient amount of product forming. Once these 
were optimised at the proper concentrations (Section 2.8), they generally remained the same 
for all primer pairs, with only slight deviations from the standard protocol being required to 
optimise the primers giving poor amplification. It was found that having higher 
concentrations of each of these reagents were equally unsuccessful as having too little primer 
being present. It was therefore essential that titrations of these reagents needed to be done 
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(results not shown) and it was just as crucial as annealing temperature optimisation. 
However, generally a concentration of 0.02 !M was used for each of the primers, 2mM for 
the MgCl2, 50 !M for the dNTPs and 1 U for the Taq polymerase. Spermidine at a 
concentration of 1 mM was also added to improve the efficiency of the Taq polymerase. 
 
PCR is a robust technique but any deviations or variations from the norm would influence the 
result. Thus, contamination needs to be of concern to the researcher. One compromised 
reagent could result in no amplification, incorrect amplification or incomplete amplification 
of a particular locus. Not only is the handling of reagents important but care needs to be taken 
in the proper storage of these reagents. Taq polymerase needs to be both handled and stored 
at low temperatures at all times as it loses its activity once it is exposed to too high 
temperatures. Taq polymerase, dNTPs, MgCl2, 10x buffer and primers when not in use, 
should also preferably be stored at -20 ˚C to preserve it activity. 
 
In this study, optimisation of microsatellite markers proved to be highly successful, as 
numerous primers could be optimised easily and quickly by means of PCR amplification. Of 
the 111 microsatellites that were used in this study, approximately 30 were optimised as part 
of this specific project, and the rest by the MAB apple group.  
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4. - MULTIPLEX DEVELOPMENT 
 
4.1. Introduction. 
As mentioned earlier, with the use of PCR, molecular scientists have managed to perform 
easy and relatively quick amplification from limited amounts of DNA. This has greatly 
enhanced the progress of science, in that informative regions of the genome can be examined 
and studied instantaneously without any delays. Due to the tedious and time-consuming 
progress of conventional breeding, MAS has been the alternative. But for it to be a valid and 
worthwhile process, rapid screening of large numbers of seedlings must be performed. To 
facilitate this process, a high throughput PCR system involving more than one primer pair in 
one reaction is used (multiplexing).  
 
Instead of one marker being analysed, up to five markers can be analysed in the same amount 
of time. This is a tremendous advantage, as more data can be generated in the same time; it 
saves on cost; and less effort is ultimately used. The optimisation of multiplexes is quite time 
consuming initially, as various considerations need to be made. These include: optimisation 
of simplex PCR (Chapter 3), followed by the adequate grouping of suitable primers. 
However, this initial “investment” does have its benefits in the longer term. 
 
Both Markoulatos et al., (2002) and Masi et al., (2003) provide a good guideline in working 
with multiplex PCR. They mention that prior knowledge on the size of the product needs to 
exist, because if the same fluorescent dye is being used in a multiplex, there should be no 
overlap in sizes of the products being analysed. Probably the most important consideration 
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mentioned is the annealing temperatures of the individual primers. A suitable temperature 
needs to be used to successfully amplify all the loci. When dealing with multiplex PCR, 
certain loci will amplify better than others. Markoulatos et al., (2002) and Masi et al., (2003) 
also suggest that this requires the concentrations of the “weaker” primer pair to be increased 
and the “stronger” primer pair to be decreased. The MgCl2, dNTPs and template also need to 
be at the proper concentrations, resulting in successful amplification of all the loci with 
reduced primer dimers and non-specific binding.  
 
Aims. 
The aim of this section was to construct multiplexes from polymorphic microsatellite markers 
with the same fluorescent dye. This would enable multiplexes of different colours to be 
pooled together for analysis by capillary electrophoresis, thus producing an even higher 
throughput system. 
 
4.2. Multiplex development 
By using PCR to amplify the markers simultaneously in a single reaction (Section 2.9.3), 
various primers were grouped together to form different multiplexes. Table 4.1 illustrates the 
six 6-FAM multiplexes that were constructed in this study. One multiplex consisted of 5 
primer pairs, three multiplexes consisted of 4 primer pairs and two multiplexes consisted of 3 
primer pairs.  
 
The F3 multiplex consisted of 5 primer pairs viz. A12, A89, A98, A78 and A283, which were 
all used at a concentration of 0.012 µM. Multiplexes F4, F8 and F10 consisted of four primer 
 
 
 
 
Table 4.1 Six 6-FAM primer multiplexes that were constructed in this study. 
 
*Multiplex F3: 
Primer Final concentration (µM) Size range (bp) 
A12 0.012 112-125 
A89 0.012 130-163 
A98 0.012 170-199 
A78 0.012 218-268 
A283 0.012 330-385 
 
*Multiplex F4: 
Primer Final concentration (µM) Size range (bp) 
A85 0.015 95-119 
A44 0.015 125-222 
A48 0.015 233-256 
A193 0.015 345-471 
 
Multiplex F8: 
Primer Final concentration (µM) Size range (bp) 
A59 0.0134 121-173 
A43 0.0134 179-222 
A422 0.02 296-319 
A219 0.0134 376-385 
 
Multiplex F9: 
Primer Final concentration (µM) Size range (bp) 
A114 0.02 81-131 
A120 0.02 150-234 
A320 0.04 416-475 
 
Multiplex F10: 
Primer Final concentration (µM) Size range (bp) 
A101 0.012 110-144 
A32 0.012 156-179 
A46 0.012 198-233 
A383 0.012 340-358 
 
Multiplex F11: 
Primer Final concentration (µM) Size range (bp) 
A105 0.02 102-186 
A188 0.02 190-213 
A343 0.02 218-350 
 
* The two multiplexes which were developed in conjunction with Ms M.M. van Dyk. 
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pairs each with multiplexes F4 and F10 each having equal concentrations of the constituent 
primer pairs. The F4 multiplex consisted of primer pairs A85, A44, A48 and A193 each at a 
concentration of 0.015 µM. The F10 multiplex, which consisted of primer pairs A101, A32, 
A46 and A383, had a slightly lower concentration of 0.012 µM for each primer. The F8 
multiplex was the third multiplex, which consisted of primer pairs A59, A43, A422 and 
A219, which were not all of the same concentration; A59, A43 and A219 were at 0.0134 µM 
each and A422 at 0.02 µM. The remaining multiplexes had only three primer pairs each. The 
F11 multiplex consisted of primer pairs A105, A188 and A343, which were at equal 
concentrations of 0.02 µM. The last multiplex, F9, consisted of primer pairs A144 and A120 
at 0.02 µM and A320 at 0.04 µM. From the table it can be seen that the allele size range for 
each marker in a multiplex do not overlap. 
 
Optimisation of the amount of each primer pair in a multiplex was based on the intensity and 
amount of each product produced with PCR. Figure 4.1 shows the F8 multiplex constructed 
from four 6-FAM labelled primer pairs amplifying markers A59, A43, A422 and A219 
electrophoresed on a 6 % polyacrylamide gel (Section 2.10.1). The PCR products formed 
from the four primer pairs are clearly differentiated from each other. For accurate 
determination of: the product size of each marker, the allele size range and whether enough 
product was present, the samples were electrophoresed on the ABI 310 Genetic Analyzer 
(Section 2.12). Figure 4.2 illustrates the peaks/fragments obtained for “Prima” using 
multiplex F8. Marker A59 produced peaks corresponding to fragments 122 bp and 140 bp; 
marker A43 produced fragments 183 bp and 203 bp; marker A422 produced a 310 bp 
fragment; and marker A219 produced fragments 376 bp and 382 bp. The peak of each allele 
is at a satisfactory height for easy detection and scoring, and the amount of each primer for 
 
 
 
 
Figure 4.1 The F8 multiplex PCR consisting of markers A59, A43, A422 and A219.
Four polymorphic markers were combined in a multiplex and tested on different apple
cultivars, which were electrophoresed on a 6 % polyacrylamide gel. Lane 1: molecular
weight marker; lane 2: “Golden Hornet”; lane 3: “Russian Seedling”; lane 4: “Prima”; lane
5: “Lady Williams”.
1      2        3        4        5
~ 175 bp
~ 120 bp
~ 185 bp
~ 220 bp
A219
A422
A59
A43
 
 
 
 
Figure 4.2 Electropherogram of the F8 multiplex PCR consisting of
markers A59, A43, A422 and A219 on “Prima”.
The PCR product of the amplified markers for the F8 multiplex were
electrophoresed on the ABI 310 Genetic Analyzer and GeneScan! was
used to confirm and score allele sizes. The orange peaks represent the size
standard.
A59 A43 A422 A219 
203 bp
140 bp
376 bp
310 bp
122 bp
382 bp
183 bp
139 bp 350 bp200 bp 300 bp
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this multiplex was regarded as adequate. The intensity of the product on the gel or the peak 
height on the ABI 310 Genetic Analyzer of each marker for each of the multiplexes 
constructed, was used as the measurement for the amount of primer to be used.  
 
When the efficiency of the each primer pair is different, an adjustment in concentration for 
some primer pairs was needed, as was the case with multiplex F8 and multiplex F9. The need 
for this greater concentration for that primer pair is due to insufficient product being formed 
at concentrations similar to the other primer pairs in that multiplex, as detection levels were 
too low or ambiguous on the gel or ABI 310 Genetic Analyzer. When constructing multiplex 
F8, primer pairs A59, A43 and A219 gave satisfactory amplification at an initial 0.015 µM, 
whereas the amount of product produced from primer pair A422 was too low at this primer 
concentration. Therefore, an increase in primer concentration was needed relative to the other 
three primer pairs. To maintain a constant total primer concentration within the total reaction, 
the concentration of markers A59, A43 and A219 were slightly lowered to 0.0134 µM and 
A422 was increased to 0.02 µM. With this increase, the detection level of marker A422 was 
satisfactory for scoring purposes. A similar approach was applied to multiplex F9, as markers 
A114 and A120 gave better amplification compared to marker A320. Therefore, marker 
A320 was increased to 0.04 µM compared to the satisfactory concentration of markers A114 
and A120 at 0.02 µM. Normally markers A114 and A120 would have been lowered slightly 
to maintain a total constant primer concentration but maintaining them at 0.02 µM produced 
a better result. 
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4.3. Summary. 
In this study, primer pairs labelled with the same fluorescent dye were used in a single 
multiplex. This was done to facilitate a higher throughput when it came to the screening of 
the mapping population (Chapter 5), as different multiplexes could be pooled and analysed 
simultaneously on the ABI 310 Genetic Analyzer. In theory, this meant as many as 20 
markers can be analysed in a single run using a maximum of 5 primer pairs per multiplex and 
4 fluorescently dyes. As multiplexes were designed with non-overlapping size ranges, this 
can be achieved due to the ABI 310 Genetic Analyzer being capable of separately resolving 
and distinguishing products of different emission spectra.  
 
Multiplex development required a great deal of time to finalise, as many primers did not 
produce a good “overall” multiplex. Some primer pairs totally failed within a certain 
combination, or their product intensities were not satisfactory for adequate analysis. 
Therefore primer concentrations had to be altered to produce a better result. Also, many 
different primer pair combinations were tested until a suitable result was produced. The 
multiplexes (refer to Table 4.1) that had equal concentrations for each primer pair were the 
most ideal to develop e.g. F3, F4, F10, and F11. The reason for the equal concentrations 
could be due to their equal hybridisation efficiency. Generally, the amount of each primer 
also had to be varied depending on the number of primers comprising that multiplex. If a 
multiplex contained five primer pairs, their individual concentrations were less than that for a 
multiplex containing four and three primer pairs. For example, the F3 multiplex, which had 
five primer pairs, used concentrations of 0.012 µM each, compared to 0.015 µM for four 
primer pairs used in the F4 multiplex, and 0.02 µM for three primer pairs used in the F11 
multiplex. However, there are some exceptions as the four primer pairs comprising multiplex 
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F10 had the same concentration as the five primer pairs in multiplex F3. This was generally 
done to maintain a total constant primer contribution within the total reaction. Multiplexes F8 
and F9 had varying concentrations for one of the primer pairs. For the F8 multiplex, primer 
pair A422 had to be increased relative to primer pairs A59, A43 and A219 and for multiplex 
F9, primer pair A320 had to be increased relative to primer pairs A114 and A120. This was 
done to increase the efficiency of these particular primer pairs in the respective multiplex.  
 
There was also a limit to the number of primer pairs that could be put in a single multiplex 
and four to five primer pairs was found to be ideal in this study. However, only three primer 
pairs were successfully multiplexed in some cases, e.g. multiplex F9 and multiplex F11. The 
reason for only a certain number of primer pairs being multiplexed together could be due to 
the primer pairs eventually saturating the reaction and not allowing for another primer pair to 
be added and being able to amplify its locus. In other words, it could be due to the “out 
competing” of certain primer pairs over others. The so-called more efficient primer pairs 
somehow utilises all the template and reagents available, thus inhibiting the amplification of 
the other marker(s). Another reason could be due to primers interacting with primers from 
other pairs to form dimers, which would inhibit the PCR reaction. Yet, three primer pairs in a 
multiplex were still adequate for high throughput analysis. 
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5. – SCREENING OF MARKERS ON “LADY WILLIAMS” x 
“PRIMA” 
 
5.1. Introduction. 
The construction of linkage maps is essential and the prerequisite for the location and 
positioning of genes affecting certain desirable traits. A seedling population is thus needed 
and, depending on the ultimate aim, it needs to be of an adequate size and have a suitable 
distribution of the phenotypic trait. Many populations are created for experimental purposes 
by crossing specific parents with each other. The breeder would know the status, for a 
particular trait, of each parent and the aim would be to examine the pattern of inheritance 
from the parents to the progeny. Due to the self-incompatibility of apples, breeders utilise 
cross-pollination (CP) for the production of fruit. Apples normally rely on insects for this but 
for mapping populations, breeders artificially pollinate them by transferring pollen to 
neighbouring stigmas. This process results in directional pollination with the correct 
genotypes. 
 
Various marker systems (Section 1.7) are used to trace the alleles segregating from the 
parents to the seedlings. These are scored and the various allele combinations can be 
processed to construct a map using a computer software package. The DNA of the mapping 
population needs to be of good quality, if PCR based techniques are used. This starts with the 
collection and storing of material, followed by the extraction protocol. Due to the advantage 
of detecting informative markers specific for a certain trait at any stage of the plant’s 
development, this technology is performed within a few months of leaf formation. This is 
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done to make the whole process of marker-assisted selection (MAS) feasible and utilise its 
main function, which is ultimately to select at early stages for superior genotypes linked to 
traits such as disease resistance and better fruit quality.  
 
Aims. 
The aim of this section was to both prepare the apple seedling DNA and thereafter screen 
them with the primer pairs for the purpose of map construction. This involved extraction of 
the DNA from the seedlings and optimisation using a PCR dilution series for adequate 
amplification. The “Lady Williams” x “Prima” cross was chosen as the mapping population 
for this study with a total of 180 seedlings due to its even distribution across the scab 
resistance/susceptible classes. Thereafter, multiplexed primer pairs were screened on the total 
population. 
 
5.2. Phenotypic data. 
Table 5.1 categorises the total number of seedlings planted for the six mapping families viz. 
“Lady Williams” x “Prima”, “Lady Williams” x “Priscilla”, “Co-op 22” x “Autumn Blush”, 
“Co-op 22” x “Scarlet Gala”, “Co-op 22” x “Golden Delicious” and “Prima” x “Cripps’ Red” 
into the different resistant/susceptible classes. Figure 5.1 illustrates the percentage 
distribution across the four classes for the total seedlings for the six populations. Table 5.2 
represents the number of seedlings that were categorised into the four classes for each of 
these populations that were selected from the total population for mapping purposes. Figure 
5.2 illustrates the percentage distribution across the four classes for the selected seedlings. By 
referring to Figures 5.1 and 5.2 the “Lady Williams” x “Prima” population displayed the best 
 
 
 
 
36
70
25
106
78
50
Undefined
174
36
31
61
692
269
4
Total amount of seedlings planted for the six families with the distribution for each class
176475528845655
“Prima” x “Cripp’s
Red”
(“Sundowner”)
28648375540
“Co-op 22” x
“Gold. Delicious”
392124120839
“Co-op 22” x
“Scarlet Gala”
119938926336020
“Co-op 22” x
“Autumn Blush”
218492733111046
“Lady Williams” x
“Priscilla”
94428620311620
“Lady Williams” x
“Prima”
Total321DeadPopulation
No. of individuals for each class
Table 5.1 Distribution of the total number of seedlings categorised into the various
scab resistance/susceptible classes for the six populations.
 
 
 
 
Note: The remaining percentages pertain to the dead and undefined class seedlings,
as these were not illustrated in the histogram.
Figure 5.1 Histogram illustrating the percentage distribution of the total seedlings
for each  of the scab resistance/susceptible classes for the six populations.
 
 
 
 
Six families collected with the distribution for each class
19853504649
“Prima” x “Cripp’s Red”
(“Sundowner”)
14928462352
“Co-op 22” x “Gold.
Delicious”
18936505053“Co-op 22” x “Scarlet Gala”
20557494950
“Co-op 22” x “Autumn
Blush”
21663475056
“Lady Williams” x
“Priscilla”
18040444749“Lady Williams” x “Prima”
Total4321Population
No. of individuals for each class
Table 5.2 Distribution of the collected seedlings categorised into the various scab 
resistance/susceptible classes for the six populations.
 
 
 
 
Figure 5.2 Histogram illustrating the percentage distribution for the collected seedlings 
for each of the scab resistance/susceptible classes for the six populations.  
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distribution for all classes in both the total population and the selected subgroup. This 
population was thus chosen for map construction due to this even percentage distribution. 
There were 180 seedlings collected, which were used in this study, and the numbering was as 
follows: class 1: 96 – 147 (with the omission of 132, 140 and 145; giving 49 individuals in 
total); class 2: 49 – 95 (47 individuals in total); class 3: 1 – 48 (with the omission of 12, 18, 
22 and 26; giving 44 individuals in total); class 4: 148 – 192 (with the omission of 151, 163, 
164, 165 and 166; giving 40 individuals in total). In this cross “Lady Williams” was the 
susceptible paternal (pollinator) parent and “Prima” was the maternal resistant parent, as it 
contained the Vf gene. 
 
5.3. DNA quality. 
Figure 5.3 shows the extracted genomic DNA (Section 2.6) electrophoresed on a 1 % agarose 
gel (Section 2.10.2). 15 µl of DNA was loaded to 6 µl loading dye. The amount of DNA is 
approximately 50 ng/µl. The slightly diminished intensity of the bands compared to the 
conventional CTAB method, as well as the larger than usual amount of DNA loaded, 
correlates to the small amount of leaf material used in the extraction (Section 2.6). However, 
the quality of the DNA was good and suitable for PCR. 
 
5.4. Optimisation of diluted seedling DNA. 
After the extraction of seedlings, the genomic DNA concentration for PCR was optimised 
using a dilution series. Figure 5.4 shows the diminishing in marker intensity for the F8 
multiplex from lower to higher dilution factors for two seedlings. This figure illustrates the 
dilution factors of 2x (25 ng/µl), 10x (5 ng/µl), 20x (2.5 ng/µl) and 50x (1 ng/µl) for 
 
 
 
 
Figure 5.3 Genomic DNA extraction of seedlings from “Lady Williams” x
“Prima”.
Seedling DNA was visualised on a 1% agarose gel to determine the quantity and
quality of the extraction. Lanes 1-7: seedling nos. 80, 99, 110, 136, 150, 179 and
192 respectively; lane 8: molecular weight marker.
Genomic DNA
1.2 kb
1       2        3        4       5        6        7       8
 
 
 
 
Figure 5.4 Optimisation of seedling template DNA for marker analysis.
PCR products electrophoresed on a 6 % polyacrylamide gel of a dilution series of template DNA
of two seedling extractions at 2x (25 ng/!l),10x (5 ng/!l), 20x (2.5 ng/!l) and 50x (1 ng/!l) using
the F8 multiplex. Lane 1: “Prima” (positive control); lanes 2-5: dilution factors of 2x, 10x, 20x and
50x respectively for seedling 27; lanes 6-9: dilution factors of 2x, 10x, 20x and 50x respectively
for seedling 37.
A219
A422
A59
A43~ 175 bp
~ 120 bp
~ 185 bp
~ 220 bp
~ 380 bp
1       2        3       4       5         6       7         8       9
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seedlings 27 and 37. From this figure, for both seedlings the 2x dilution factor (25 ng/µl) 
results in all four markers being clearly amplified. The 10x dilution factor (5 ng/µl) starts to 
show poor amplification for markers A43 and A59, while the amplification of markers A219 
and A422 are still sufficient. With regard to the 20x and 50x dilution factors (2.5 ng/µl and 1 
ng/µl respectively), markers A43 and A59 are practically absent. Therefore the optimal 
marker intensity for all four markers of this multiplex existed between 2x and 10x dilution 
factors (25 ng/µl and 5 ng/µl respectively). Therefore a dilution experiment was done at 3x 
(16.6 ng/µl) and 5x (10 ng/µl), as Figure 5.5 shows. The 3x dilution factor (16.6 ng/µl) for 
seedling 27 exhibited clear bands for all four markers, whereas this dilution for seedling 37 
was faint for all four markers. The 5x dilution (10 ng/µl) of the template DNA for both 
seedlings proved to be adequate and all the seedlings were thus diluted to this factor and used 
for mapping purposes. This small dilution factor correlates to the amount of DNA obtained 
from the extraction (Section 5.3). This dilution produces the 10 ng of template DNA needed 
for PCR (Section 2.8). 
 
5.5. Screening of mapping population with multiplexes. 
PCR amplification of the microsatellite markers using genomic DNA from the seedlings of 
the mapping population (180) was done with the multiplexes (Section 2.9.3). Only a few 
selective samples were analysed initially by electrophoresis on a 6 % polyacrylamide gel 
(Section 2.10.1) for successful amplification. Only the satisfactory PCRs were, thereafter, 
analysed on the ABI 310 Genetic Analyzer (Section 2.12) and genotyping of the desirable 
alleles was done (Section 2.13).  
 
 
 
 
 
Figure 5.5 Further optimisation of seedling template DNA for marker analysis. 
PCR products electrophoresed on a 6 % polyacrylamide gel of a dilution series of template DNA 
of two seedling extractions at 3x (16.6 ng/!l) and 5x (10 ng/!l) using the F8 multiplex. 
Lane 1: “Prima” (positive control); lanes 2-3: dilution factors of 3x and 5x respectively 
for seedling 27; lanes 4-5: dilution factors of 3x and 5x respectively for seedling 37.
1        2        3          4       5
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Figure 5.6 illustrates the F8 multiplex, consisting of primer pairs A59, A43, A219 and A422, 
which were screened on “Prima”, “Lady Williams” and a few selected seedlings from this 
cross. Each of the seedlings inherits an allele from each of the parents for each of the 
markers. Figure 5.7 shows the electropherograms of this inheritance of alleles for each 
marker by a seedling after analysis on the ABI 310 Genetic Analyzer. For marker A59, both 
“Prima” and “Lady Williams” produce alleles of 122 bp and 140 bp. Seedling no. 138 thus 
inherits 122 bp from one parent and 140 bp from the other. As both parents have the same 
two alleles, exactly which allele is inherited from which parent is not known in this case. 
Marker A43 produces 183 bp and 203 bp for “Prima” and 195 bp and 203 bp for “Lady 
Williams”. Seedling no. 138 produces a homozygous 203 bp fragment, which means it gets 
the 203 bp fragment from both parents. The A422 marker has alleles of 310 bp for “Prima” 
and 296 bp and 310 bp for “Lady Williams”. The electropherogram shows the 310 bp allele 
is inherited from both parents in seedling no. 138. For marker A219, “Prima” has alleles of 
376 bp and 382 bp and “Lady Williams” produces only a 376 bp allele. Seedling no. 138 has 
a 376 bp and a 382 bp allele, with the former allele being inherited from “Lady Williams” 
and the latter from “Prima”.  
 
Table 5.3 shows the screening process with the multiplexes on the 180 seedlings of the “Lady 
Williams” x “Prima” cross. The table shows per column the general protocol followed: firstly 
PCR amplification, of which a few selected samples were electrophoresed on a 
polyacrylamide gel to check whether PCR amplification was successful; thereafter the 
samples from the whole mapping population were electrophoresed in the ABI 310 Genetic 
Analyzer to be genotyped; and finally JoinMap! analysis was done. The first and obvious 
criterion used to eliminate unwanted markers was to only use those samples which produced 
 
 
 
 
Figure 5.6 The F8 multiplex PCR using 5x dilution factor (10 ng/!l) for seedling DNA.
All of the seedling DNA were diluted to the optimised 5x factor (10 ng/!l) and, together with
the parentals, seedlings from the “Lady Williams” x “Prima” cross were screened with the F8
multiplex for mapping purposes. The PCR products were electrophoresed on a 6 %
polyacrylamide gel to illustrate amplification success of the individual markers. Lane 1:
molecular weight marker; lane 2: “Prima” ; lane 3: “Lady Williams”; lanes 4-8: seedling nos.
99, 123, 138, 153 and 178 respectively
1      2      3      4     5      6       7     8
A219
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140 bp 310 bp
376 bp
382 bp
A59 A43 A422 A219
139 bp 350 bp200 bp 300 bp
Figure 5.7 Electropherograms illustrating the inheritance of alleles from
parents to offspring using the F8 multiplex.
The PCR products of the “Lady Williams” x “Prima” seedling and parental
DNA were electrophoresed on the ABI 310 Genetic Analyzer and GeneScan!
was used to score and correlate the alleles inherited from each parental to the
seedling.
Arrow indicators:
Black = A59
Red = A43 
Green = A422
Purple = A219
Orange = size standard 
“Lady Williams”“Prima”
Seedling no. 138
A59 A43 A422 A219 
203 bp
140 bp
376 bp
310 bp
122 bp
382 bp183 bp
139 bp 350 bp200 bp 300 bp 350 bp
203 bp
140 bp
195 bp 296 bp
376 bp
310 bp
122 bp
A59 A43 A422 A219
139 bp 200 bp 300 bp
 
 
 
 
Table 5.3 Summary of the screening process with the developed multiplexes on “Lady Williams” x “Prima.”  
 
The seedlings were initially tested by selecting a few seedlings for PCR amplification, which was electrophoresed on a 
6 % polyacrylamide gel. Thereafter, the whole mapping population was electrophoresed on the ABI 310 Genetic 
Analyzer, followed by genotyping and greater than 30 % missing data was regarded as unsuccessful. The successful 
markers were then analysed using JoinMap!. 
 
Multiplex Primers Successful PCR 
(selective samples) 
Successful ABI 
analysis / genotyped 
JoinMap! 
analysis 
A59 yes yes yes 
A43 yes yes yes 
A219 yes yes (half pop) yes 
*F8 
A422 yes yes yes 
A41 yes yes yes 
A97 yes yes yes 
A37 yes no (homozy) - 
V1 
A319 yes yes yes 
A49 yes no no 
A62 yes yes yes 
N5 
A10 yes yes yes 
A116 no - - 
A45 no - - 
N1 
A96 no - - 
A75 yes no - 
A95 yes no (homozy) - 
A108 yes no no 
F2 
A65 yes yes yes 
A133 yes no - 
A177 yes no - 
A147 yes no - 
P3 
A136 yes no - 
A38 yes yes yes 
A118 yes yes yes 
N3 
A36 yes no - 
A101 yes yes yes 
A32 yes yes yes 
A46 yes no - 
*F10 
A383 yes no - 
A162 yes no (homozy) - 
A126 yes yes yes 
A145 yes yes (half pop) yes 
P2 
A365 yes yes (half pop) yes 
A115 yes yes yes 
A72 yes no - 
N4 
A76 yes yes yes 
A91 yes no - 
A84 yes no (homozy) - 
A35 yes yes yes 
V2 
A381 yes yes yes 
A85 yes yes yes 
A44 yes yes yes 
A48 yes no - 
*F4 
A193 yes yes yes 
A331 yes yes yes 
A401 no - - 
A94 yes yes yes 
V5 
A260 yes yes yes 
 
 
 
 
 
 
Table 5.3 continued. 
 
Multiplex Primers Successful PCR 
(selective samples) 
Successful ABI 
analysis / genotyped 
JoinMap! 
analysis 
A90 yes yes yes 
A81 yes yes yes 
A215 yes yes yes 
V3 
A79 yes no - 
A73 yes no - 
A87 yes no (homozy) - 
A217 yes yes yes 
A238 yes yes yes 
F5 
A14 no -  
A114 yes yes yes 
A120 yes no - 
*F9 
A320 yes no - 
A130 no - - 
A135 no - - 
A169 no - - 
P1 
A146 no - - 
A171 yes yes yes 
A172 no - - 
A173 no - - 
P5 
A412 no - - 
A71 yes yes (half pop) yes 
A74 yes yes yes 
A113 yes no - 
A234 yes yes (half pop) yes 
N7 
A452 yes no - 
A92 yes yes yes 
A122 yes no (homozy) - 
A29 no - - 
V6 
A231 yes no - 
A12 no - - 
A89 yes no - 
A98 yes no - 
A78 yes no - 
*F3 
A283 yes no - 
A64 yes no - 
A109 yes no - 
A67 yes no - 
N6 
A200 yes no - 
A80 no - - 
A279 no - - 
A398 no - - 
A293 no - - 
N8 
A15 no - - 
A107 no - - 
A335 no - - 
A329 no - - 
A318 no - - 
N9 
A227 no - - 
A167 yes yes yes 
A165 yes no - 
A168 yes no - 
P4 
A323 yes no - 
 
 
 
 
 
 
 
Table 5.3 continued. 
 
Multiplex Primers Successful PCR 
(selective samples) 
Successful ABI 
analysis / genotyped 
JoinMap! 
analysis 
A61 no - - 
A34 no - - 
N2 
A42 no - - 
 
NOTE: Multiplexes were developed by the author (indicated with *) or the other members of MAB group 
of the Dept. of Biotechnology, University of the Western Cape. 
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amplification for a particular multiplex on the polyacrylamide gel. Thereafter, those that had 
no more than 30% missing data after being genotyped were used. This initially excluded the 
seedlings for which only alleles from one of the parentals were detected, as this was to 
prevent too much loss of data at this early stage. The identification of the other/missing allele 
of those particular seedlings would be later explored. Once these eliminations/selections were 
done, those markers remaining were used in JoinMap!.  
 
There were 26 multiplexes screened on the “Lady Williams” x “Prima” population (Table 
5.3). This consisted of 103 markers in total. From the selected samples that were chosen from 
PCR, 27 markers failed, in that no product was amplified. The remaining 76 markers were 
then analysed on the ABI 310 Genetic Analyzer for allele scoring and genotyping. Of the 76, 
37 markers were unsuccessful after this analysis. These unsuccessful markers either had too 
much missing data (31) or were homozygous in both parents, of which 6 were found. The 
homozygous markers were A37, A84, A87, A95, A122 and A162. As mentioned in Chapter 
4, only polymorphic markers are used in the construction of multiplexes. However, not all the 
markers in the multiplexes were polymorphic on a specific genotype, as these markers were 
selected for testing many different genotypes in the program, therefore homozygous results 
for the parentals in this study are not detected. Missing data had to be disregarded as they 
pose certain problems in JoinMap
®
, which would hinder the analysis. Missing data results in 
markers not being able to link or the incorrect positioning of these markers on genetic maps. 
Markers A71, A145, A219, A234 and A365 were only screened on half the population 
because of time restrictions but was still included for JoinMap
®
 analysis. This left a total 39 
markers, which were regarded at this stage, as being “suitable” for JoinMap
®
 analysis.  
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The PCR products were pooled when electrophoresed on the ABI 310 Genetic Analyzer and 
the amount of loaded product varied depending on the colour of the dye. Generally 3 !l was 
used for unpooled samples but when pooling was done 2 !l for 6-FAM and VIC, 4 !l for 
NED and 5 !l for PET was used. The 6-FAM and VIC labelled primers produced products 
with the best resolution and therefore not much sample was needed. On the other hand, NED 
labelled primers produced products with a weaker resolution and more was required and PET 
labelled primers resolved the weakest, which required the largest amount of product. 
However, even when this was done, certain dyes were not resolved as well on the ABI 310 
Genetic Analyzer and needed to be repeated. This could be due to the machine not 
performing optimally and not really due to problems with the loaded products. It should be 
noted that even though only 6 markers out of the failed 37 were found to be homozygous, 
there could well have been more but due to these markers having lots of missing data, they 
were disregarded based on this. 
 
5.6. Summary. 
The most ideal population to analyse for QTLs responsible for scab resistance was the “Lady 
Williams” x “Prima” cross, due to the even distribution across the classes and the adequate 
size of this population. The quality of the DNA produced after extraction was good and the 
intensity of the genomic DNA matched the concentration optimised for PCR. In contrast, for 
the normal CTAB protocol, which uses more leaf material and utilises the mortar and pestle 
technique, more DNA is produced and a higher dilution factor for PCR would have been 
required. This older protocol also involves a larger scale of extraction, as greater volumes of 
reagents are used with larger tubes. However, by using the modified protocol for the 
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extraction of many samples simultaneously, less leaf material and a resultant down scaling of 
the amount of reagents had to be used. This was due to the small tubes of the Qiagen!
 
TissueLyser for more samples and this ultimately resulted in a lower yield of DNA on the 
agarose gel and a smaller dilution factor for PCR. This method was ideal for this study, as 
many samples needed to be extracted and the quality of the DNA was satisfactory for PCR. 
This method can be adapted in future for high throughput extraction of genomic plant DNA 
for mapping purposes. 
 
Multiplexing proved to be very useful for high throughput screening of the primers on many 
samples. This saved on time and reagents, as instead of a three and a half hour PCR for 1 
marker, it took this amount of time for 3-5 markers. Certain primers worked well when 
multiplexed on the “Lady Williams” x “Prima” cross, whereas others failed. Also, certain 
primer pairs in a particular multiplex worked, amplifying the relevant marker, and the 
remaining primer pair(s) failed. Failure of primers on this population could be attributed to 
differences experienced between the material on which the multiplexes were 
developed/optimised and this particular mapping population. When the multiplexes were 
developed they were tested on various sources of apple cultivars and they might have been 
extracted using a different protocol and therefore the conditions were suitable for those 
specific individuals only. Therefore, re-optimisation was maybe necessary before application 
on these particular seedlings. On the other hand, this is also not efficient, as the aim of 
multiplexes is for quick and convenient screening and also the transferability to other 
populations. There were 26 multiplexes that were tested on the population, giving a total of 
103 primer pairs. Of these, there were 27 primer pairs that failed, as no product was seen on 
the polyacrylamide gel, which left 76 primer pairs that were regarded as successful. 
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The products of these 76 primer pairs, which worked in the selective PCR, were genotyped 
after being electrophoresed on the ABI 310 Genetic Analyzer. In total 37 primer pairs were 
unsuccessful, due to 31 primer pairs having too much missing data and 6 were homozygous 
in both parents viz. A37, A84, A87, A95, A122 and A162. As they are homozygous, their 
segregation to the offspring cannot be monitored and are therefore, uninformative and 
useless. The presence of missing data is due to two scenarios i.e. actual failure of the PCR for 
those seedlings (undetected on polyacrylamide gel) or there was successful amplification but 
the product was undetected by ABI 310 Genetic Analyzer. In turn, these could be as a result 
of problems with the primer pairs of the markers or specific seedlings not being of such good 
quality as the others. 
 
Even though microsatellites are transferable to other cultivars/populations, the practical 
success of this transferability requires more intervention from the different users and 
conditions that are more specific to them. This being said, the successful 39 primer pairs that 
worked (Table 5.3) produced good amplification and a high yield of the expected marker, 
which meant the primer annealing was both specific and stable. These successful markers 
will be used in JoinMap
® 
in the construction of a genetic map. 
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6. – LINKAGE ANALYSIS ON THE WHOLE GENOME 
 
6.1. Introduction. 
Linkage analysis and the resultant positioning of molecular markers on maps have drastically 
improved over the years. Various apple linkage maps have been published (Hemmat et al., 
1994; Conner et al., 1997; Seglias and Gessler, 1997; Maliepaard et al., 1998; Liebhard et al., 
2002, 2003a; Baldi et al., 2004; Calenge et al., 2004, 2005; Kenis and Keulemans 2005; 
Silfverberg-Dilworth et al., 2006; Celton et al., 2007) utilising different types of markers. 
Having markers evenly spaced across the whole genome is not the only prerequisite for good 
analysis of general traits. In addition, these maps need to be reasonably saturated for a more 
accurate assessment. The maps published by Liebhard et al., (2003a) and Silfverberg-
Dilworth et al., (2006) cover all 17 linkage groups and contain numerous SSRs, thus being 
ideal as reference maps for linkage analysis in this study. From the initial map published by 
Hemmat et al., (1994) to the more recently published maps, there has been a progress in 
resources available to apple geneticists, not to mention the reasonable accuracy in the 
construction of these later maps. Practically any trait that is of importance to scientists or 
breeders can be analysed, as it can be examined based on the association with relevant 
markers linked to the functional gene(s). However, there are still some gaps in the maps and 
more markers are needed to further saturate them.  
 
The categorising of scab resistance/susceptibility into the classes outlined by Chevalier et al., 
(1991) is the basis for determining the usefulness of the markers for selection purposes. As 
described in Section 1.5, the classes range from most resistant (class 1), resistant (class 2), 
 
 
 
 
 66 
weakly resistant (class 3a), weakly susceptible (class 3b) and most susceptible (class 4). 
Examining the pattern of segregation with the markers for the different classes would provide 
a good understanding of the behaviour of the resistance and the loci responsible.  
 
Aims. 
The goal of this section was to generate a linkage map of the whole genome from the data 
obtained from screening the microsatellite primer pairs on the “Lady Williams” x “Prima” 
seedlings. This would allow the identification of other loci, in addition to Vf, that control the 
resistant classes 1, 2 and 3a.  
 
6.2. Linkage analysis on whole genome. 
Markers that gave satisfactory PCR amplification, followed by successful genotyping on the 
seedlings (See Table 5.3) were included for mapping purposes. Table 6.1 shows only the 
markers ultimately used for map construction using JoinMap! (Section 2.14). Initially there 
were 39 markers suitable for JoinMap! analysis (Section 5.5). Of these 39, 27 were published 
markers and 12 were newly developed and unmapped. Table 6.1 illustrates the alleles 
obtained for “Lady Williams” and “Prima” and the number of seedlings observed for each 
respective segregation group. As is evident from this table, in some cases the percentage of 
missing data is greater than 30 % and this was due to the half scored genotypes ultimately 
being regarded as missing data. As mentioned earlier, this initial criterion (Section 5.5) was 
used to prevent too much data been regarded as useless. However, obtaining the missing 
allele for these seedlings was not very successful, even later in the study. The markers that 
had more than 30 % missing data were A44, A62, A90, A94, A97, A171 and A238. The 
 
 
 
 
Table 6.1 Allele frequencies produced by JoinMap® of the segregation types for the markers used on the “Lady Williams” x “Prima” population intended for whole genome mapping. 
Locus “Prima” 
alleles 
“LW” 
alleles 
Seg. 
type 
ac ad bc bd ee ef eg fg hh hk kk ll lm nn np -- !2 Deg. of 
freedom 
p value 
A10 216,228 200,228 ef x eg     36 42 29 29        44 3.50 3 0.320762 
A32 162,177 177 ef x eg     48 10 7 107        8 151.3 3 <0.000001 
A35 182 182,194 nn x np              135 43 2 47.60 1 <0.000001 
A38 176,182 160,165 ab x cd 58 41 33 24            24 16.05 3 0.001108 
A41 110,113 110 lm x ll            81 62   37 2.52 1 0.112411 
A43 183,203 195,203 ef x eg     39 20 23 45        53 13.94 3 0.002988 
A44 128,145 147 lm x ll            26 32   122 0.60 1 0.438578 
A59 122,140 122,140 hk x hk         57 92 16     15 22.60 2 0.000012 
A62 176,179 160,176 ef x eg     16 22 16 52        74 33.60 3 <0.000001 
A65 203,247 213,247 ef x eg     37 32 41 36        34 1.12 3 0.772248 
A71 113,116 110,118 ab x cd 18 9 10 13            130 3.90 3 0.272467 
A74 145,152 147,166 ab x cd 54 23 40 20            43 22.00 3 0.000065 
A76 193 193,205 nn xnp              102 68 10 6.80 1 0.009116 
A81 144,165 154,165 ef x eg     21 40 31 60        28 21.70 3 0.000075 
A85 107,109 105,119 ab x cd 49 34 38 35            24 3.60 3 0.308022 
A90 112,126 126 lm x ll            8 100   72 78.40 1 <0.000001 
A92 125,131 125,131 hk x hk         113 66      1 155 1 <0.000001 
A94 117 97,105 nn x np              53 56 71 0.08 1 0.777298 
A97 137,159 171,179 ab x cd 24 38 34 23            61 5.54 3 0.136266 
A101 127 131,144 nn x np              65 68 47 0.10 1 0.751830 
A114 111 95,107 nn x np              27 115 38 54.50 1 <0.000001 
A115 101,105 99 lm x ll            80 88   12 0.38 1 0.537603 
A118 212,217 217,238 ef x eg     58 76 35 3        8 69.30 3 <0.000001 
A126 173,183 173 lm x ll            100 70   10 5.29 1 0.021448 
A145 227 206,227 nn x np              47 40 93 0.60 1 0.438578 
A167 116,132 116,131 ef x eg     7 61 51 14        47 64.50 3 <0.000001 
A171 170,178 162,174 ab x cd 29 48 20 24            59 15.23 3 0.001630 
A193 345,397 345,397 hk x hk         1 90 83     6 77.50 2 <0.000001 
A215 202,208 181,208 ef x eg     36 31 35 74        4 27.60 3 0.000004 
A217 281,288 281,288 hk x hk         41 129 2     8 60.70 2 <0.000001 
A219 376,382 376 lm x ll            48 35   97 2.00 1 0.157299 
A234 341,352 336,341 ef x eg     3 1 29 27        120 45.30 3 <0.000001 
A238 340 333,345 nn x np              56 39 85 3.04 1 0.081236 
A260 209,243 209,243 hk x hk         23 95 31     31 12.10 2 0.002358 
A319 329,352 329,343 ef x eg     47 30 41 25        37 8.47 3 0.037234 
A331 266,302 268,302 ef x eg     24 67 83 1        5 98.30 3 <0.000001 
A365 248 248,253 nn x np              26 51 103 8.10 1 0.004427 
A381 215,219 221 lm x ll            67 84   29 1.91 1 0.166963 
A422 310 296,310 nn x np              87 67 26 2.60 1 0.106864 
 39 total                      
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extremely high number of missing data for markers A71, A145, A219, A234 and A365 was 
due to only half the population being scored, as mentioned in Section 5.5. Normally, only 
those markers which were completely scored across the whole population were used in 
JoinMap!, but instead of discarding data, an exception was made for markers A71, A145, 
A219, A234 and A365.  
 
JoinMap! uses a letter coding system to represent the different alleles, which is dependent on 
the type of segregation involved for a particular marker. Table 6.2 illustrates the letter coding 
used for the different segregation involved. According to Mendelian segregation we expect 
approximately 25 % of the seedlings in each of the segregation groups for the “ab x cd” and 
“ef x eg” coding (1:1:1:1); and 50 % in each of the groups for the “lm x ll” and “nn x np” 
coding (1:1). For the “hk x hk”, we expect 25 % for the “hh” and “kk” groups and 50 % for 
the heterozygous “hk” group (1:2:1).  
 
By examining Table 6.1, the observed and expected distribution for each group of some 
markers was not the same. Markers A35, A62, A90, A92, A114, A118, A167, A193, A217, 
A234 and A331 were particularly distorted with extremely low probability (p) values (< 
0.000001). The chi-square ("2) test indicates the ‘goodness of fit’ based on the independence 
of segregation and the p values are calculated using the degrees of freedom (note: the 
distortion seen in marker A32 will be discussed in Chapter 7). 
 
The analysis using JoinMap
®
 resulted in 4 markers being linked (Figure 6.1). Markers A41 
and A126 linked together with a distance of 28.5 cM. The other two markers linking together 
were A319 and A422 with a distance of 12.4 cM. The parental maps for these linkages 
 
 
 
 
  
 
 
 
 
 
Table 6.2 JoinMap
®
 coding for the different segregation. 
 
Parent 1 
allele(s) 
Corresponding 
code 
Parent 2 
allele(s) 
Corresponding 
code 
1, 2 
 
a, b 3, 4 
 
c, d 
1, 2 
 
e, f 1,3 
 
e, g 
1 
 
1 
 
n 
 
n 
1, 2 
 
2, 3 
 
n, p 
 
n, p 
1, 2 
 
1, 2 
 
l, m 
 
l, m 
1 
 
3 
 
l 
 
l 
1, 2 
 
h, k 1, 2 
 
h, k 
 
 
 
 
 
Figure 6.1 Schematic diagram of the four markers linking on the integrated maps for the “Lady
Williams” x “Prima” cross.
The scored genotypes of the seedlings for whole genome mapping were analysed with the
JoinMap® program, which  produced a chromosome representation of the most likely positioning
of these markers on a linkage map.
“Lady Williams” x “Prima” LG 4 “Lady Williams” x “Prima” LG 17
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groups were not shown due to insufficient number of markers that segregate in both parents 
and therefore, only one parental is available for each linkage group. Table 6.3 show the 
JoinMap! codes obtained for the 180 seedlings for markers A41, A126, A319 and A422. 
 
Of the 27 published markers used in this study for mapping, 8 had different alleles for 
“Prima” compared to the published sizes for this parent in Liebhard et al., (2002). The A319 
marker in this study was designed from the same sequence as a microsatellite published by 
Silfverberg-Dilworth et al., (2006). They, however, designed the primer pairs at different 
positions compared to those in this study and therefore fragments of different sizes would be 
produced. For simplicity the microsatellite A319 in this study was regarded as a predicted 
microsatellite. There are no published allele sizes available for “Lady Williams”. The 
different allele sizes for “Prima” obtained in this study either matched only one of the two 
alleles of the literature, or none of the alleles. Markers A35, A44, A81, A101, A114 and 
A145 pertained to the former case whereas A76 and A94 to the latter case. On the other hand, 
allele sizes for “Prima” for markers A35, A94 and A114 in this study matched those of Ms 
M.M. van Dyk (personal communication) on a “Golden Delicious x Prima” population. 
However, marker A81 of Ms M.M. van Dyk matched the published sizes and markers A44, 
A76, A101 and A145 were not used on her “Golden Delicious” x “Prima” population. The 
alleles obtained in this study compared to the published alleles for these markers are shown 
in Table 6.4. All the other alleles obtained in this study matched the published results for 
“Prima”. However, it should be noted that due to the scoring of Liebhard et al., (2002) done 
by comparing a labelled ladder on 6 % denaturing sequencing gels and the scoring on the 
ABI 310 Genetic Analyzer with GeneScan! 500 LIZ" standard in this study, slight 
deviations in a few base pairs occur in all the markers used. A difference of greater than 6 bp 
 
 
 
 
Table 6.3 JoinMap! codes for the 180 seedlings for markers A41, A126, A319 and A422. 
 
Seedling no. A41 A126 A422 A319 
1 lm uu uu ee 
2 lm lm nn eg 
3 ll ll nn uu 
4 ll ll nn eg 
5 ll ll uu eg 
6 ll ll nn eg 
7 ll ll pn ee 
8 ll ll nn uu 
9 lm uu uu uu 
10 lm ll nn ee 
11 ll uu nn uu 
13 ll lm pn eg 
14 lm lm pn ee 
15 ll ll pn ee 
16 lm lm nn eg 
17 ll ll pn ee 
19 lm ll pn ef 
20 uu ll uu ee 
21 ll lm pn ee 
23 ll ll nn uu 
24 lm lm nn eg 
25 lm ll nn eg 
27 lm ll pn ee 
28 ll ll nn eg 
29 ll uu nn gf 
30 lm lm nn eg 
31 lm lm nn eg 
32 ll lm nn gf 
33 ll ll uu ef 
34 lm lm uu ee 
35 lm lm nn eg 
36 ll lm pn ef 
37 ll ll pn ee 
38 ll ll pn ee 
39 ll ll pn ee 
40 ll ll nn gf 
41 uu uu nn uu 
42 ll lm nn eg 
43 uu ll nn eg 
44 ll uu uu ee 
45 ll ll uu ee 
46 lm lm pn ef 
47 lm ll nn uu 
48 ll ll nn uu 
49 lm lm pn ee 
50 ll ll pn ef 
51 lm uu nn uu 
52 ll ll nn eg 
53 uu ll pn ef 
54 lm lm pn ef 
55 ll uu nn eg 
56 lm ll nn eg 
57 lm lm nn eg 
58 lm lm nn eg 
59 ll ll pn eg 
60 lm ll nn eg 
61 ll lm nn eg 
62 ll ll nn gf 
63 lm lm pn ee 
64 lm lm pn ee 
65 lm ll nn eg 
66 uu ll nn eg 
67 ll ll pn ee 
 
 
 
 
Table 6.3 continued. 
 
Seedling no. A41 A126 A422 A319 
68 ll ll pn ef 
69 lm lm pn ef 
70 lm lm nn gf 
71 lm lm pn ee 
72 lm lm nn eg 
73 ll ll uu gf 
74 lm ll nn gf 
75 lm lm pn ee 
76 lm lm pn ef 
77 ll ll pn ee 
78 ll ll nn eg 
79 ll ll nn eg 
80 ll ll pn ef 
81 ll ll uu uu 
82 ll ll nn gf 
83 lm ll pn ef 
84 lm ll nn eg 
85 uu ll pn ef 
86 ll ll nn gf 
87 uu ll nn uu 
88 ll ll pn ee 
89 ll ll pn eg 
90 ll lm nn eg 
91 lm lm nn ee 
92 ll ll pn uu 
93 ll ll nn ee 
94 uu ll pn uu 
95 lm ll nn eg 
96 lm lm nn uu 
97 lm lm pn uu 
98 lm lm pn gf 
99 ll lm nn gf 
100 ll ll nn uu 
101 ll ll nn gf 
102 uu lm nn uu 
103 uu ll nn ge 
104 ll ll pn fe 
105 ll lm nn uu 
106 ll ll pn uu 
107 lm lm pn ee 
108 ll ll nn ef 
109 ll lm pn ee 
110 ll ll pn uu 
111 ll ll nn gf 
112 uu lm nn ge 
113 lm ll nn uu 
114 lm lm nn gf 
115 lm lm pn ee 
116 ll ll nn gf 
117 uu uu nn fe 
118 lm lm pn ee 
119 uu lm nn gf 
120 ll lm pn fe 
121 ll ll pn ee 
122 uu ll nn eg 
123 ll ll pn eg 
124 ll ll uu ee 
125 lm ll uu ge 
126 lm lm pn fe 
127 ll ll nn gf 
128 uu lm pn ef 
129 lm lm nn ee 
130 ll ll pn fe 
 
 
 
 
Table 6.3 continued. 
 
Seedling no. A41 A126 A422 A319 
131 uu ll nn gf 
133 uu ll uu ee 
134 uu lm nn fe 
135 ll ll nn fe 
136 lm ll nn gf 
137 uu uu nn uu 
138 uu lm nn gf 
139 lm ll nn eg 
141 ll lm nn ge 
142 ll lm pn ee 
143 ll ll pn ge 
144 ll ll pn ee 
146 uu lm uu uu 
147 ll ll uu ef 
148 lm lm uu ef 
149 ll ll uu ee 
150 lm lm pn ef 
152 ll ll pn ee 
153 ll ll nn gf 
154 lm lm pn ef 
155 lm lm uu ee 
156 uu lm uu ee 
157 ll ll pn ee 
158 ll lm np ef 
159 uu lm nn uu 
160 uu ll np ee 
161 uu lm np ef 
162 ll ll pn ee 
167 lm lm pn fe 
168 lm ll nn ge 
169 uu ll pn uu 
170 uu lm nn uu 
171 lm ll pn ee 
172 lm lm uu ee 
173 uu ll pn uu 
174 ll ll uu ee 
175 uu ll pn uu 
176 uu ll nn uu 
177 uu ll nn eg 
178 uu ll nn fg 
179 ll ll nn gf 
180 lm lm uu ee 
181 ll lm uu ee 
182 lm lm nn gf 
183 lm lm nn fe 
184 uu ll uu uu 
185 uu lm nn uu 
186 ll lm uu uu 
187 uu lm pn uu 
188 ll ll nn uu 
189 uu lm nn uu 
190 uu ll pn uu 
191 lm ll uu uu 
192 ll ll nn gf 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Table 6.4 Representation of the markers which differed in alleles for “Prima” obtained in 
this study and the published allele sizes. 
 
Marker Alleles obtained in this study 
(bp) 
Alleles published in 
Liebhard et al., (2002) 
(bp) 
A35 182 180, 206 
A44 128, 145 134, 216 
A76 193 231, 235 
A81 144, 165 166, 190 
A94 117 124, 150 
A101 127 130, 140 
A114 111 117, 131 
A145 227 226, 238 
Coloured sizes were regarded as the same allele.  
 
 
 
 
 69 
for the obtained allele or both alleles, if heterozygous, was generally regarded as being 
different. 
 
Figure 6.2 is a simplistic schematic representation of the expected positions of all the markers 
used in this study (Table 3.1) intended for mapping on the whole genome, as well as LG 1 
(Chapter 7). The positions were based on Maliepaard et al., (1998), Tartarini et al., (1999), 
Liebhard et al., (2002), Liebhard et al., (2003a), Cham-Kpu, (2005), Silfverberg-Dilworth et 
al., (2006) and unpublished data by Ms M.M. van Dyk (personal communication). The 
markers were placed in the correct order but chromosome lengths and marker distances were 
not drawn to scale, however, markers distances were roughly estimated. The unsuccessful 
linkage of the markers used in JoinMap
®
 (red) could be due to too much missing data and 
segregation distortions. However, the main reason could be attributed to too few markers 
being analysed in JoinMap
®
. The black coloured markers were not analysed in JoinMap
®
, as 
they had not fulfilled the preliminary criteria as discussed and the purple coloured markers 
are discussed in Chapter 7. The green coloured markers were linked in this study. 
 
Marker A32, positioned on LG 1 (Figure 6.2), showed an obvious difference in inheritance 
for alleles of classes 1 and 4. This marker produced a 162 bp fragment for the majority of the 
class 1 seedlings and a 177 bp fragment for majority of the class 4 seedlings. This marker is 
thus associated with resistance and susceptibility to apple scab. 
 
 
 
 
 
LG 2
LG 10
LG 9LG 8LG 6LG 5
LG 15LG 14LG 12 LG 13 LG 16 LG 17
Figure 6. 2 Expected positions of markers that were screened on “Lady Williams” x “Prima” for the whole genome.
Red: markers analysed in JoinMap® which were unsuccessfully linked.
Black: markers that were not analysed in JoinMap ®.
Green: markers that linked in this study.
Purple: dealt with in Chapter 7.
Map positions based on Maliepaard et al., (1998), Tartarini et al., (1999), Liebhard et al., (2002), Liebhard et al., (2003a), Cham-Kpu, (2005), Silfverberg-Dilworth et al., (2006) and
unpublished data from Ms M.M. van Dyk (personal communication).
Note: Marker distances and chromosome lengths are not to scale, however, marker distances were roughly estimated. Markers are placed in correct order.
No map positions are available for A29, A130, A146, A169, A173, A200, A215, A217, A227, A231, A260, A283, A293, A318, A323, A329, A412, A422 and A452.
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6.3. Summary. 
Once all the unsatisfactory markers were eliminated the remaining 39 markers was analysed 
using JoinMap!. These eliminations were important to produce data that was adequate for 
JoinMap! to perform proper statistical calculations in constructing a map. The result for 
whole genome mapping was 4 out of 39 markers successfully linked. Markers A41 and A126 
linking together can be regarded as successful and correct. The linkage of A41 with A126 is 
synonymous with that of LG 4 of Liebhard et al., (2002). With regard to these two markers, 
Liebhard et al., (2002) only mapped marker A41 on LG 4 and only marker A126 was also 
mapped on LG 4 in an independent study (Ms M.M. van Dyk - personal communication). 
Therefore, using these two sources of data it can be concluded that these two markers could 
link together. The linkage of A319 and A422 was assumed as being synonymous with the 
published LG 17, as A319 was mapped on this linkage group by Silfverberg-Dilworth et al., 
(2006) (this microsatellite was designed from the same sequence as our laboratory, only with 
different primer positions). As A422 has no published information, the accuracy of this 
linkage was unknown.  
 
The reason for only 4 markers linking is probably because too few markers were used for the 
final linkage analysis. Thus, 39 markers are insufficient for the construction of a genetic map 
across 17 LGs for apple. As with most statistical driven programs, JoinMap
®
 functions 
optimally with more data being loaded. Also, markers that are common to the same LG need 
to be positioned close together for linkage to be obtained. In this study, some markers that 
were analysed with the software do cluster close together based on their expected positions 
(Figure 6.2 (red markers)) and these were expected to link. This was evident on LGs 5, 10, 
12, 13, 14 and 15.  
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Only 8 out of the 27 published markers used had different alleles for “Prima” compared to 
the published sizes (Liebhard et al., 2002). These markers were A35, A44, A76, A81, A94, 
A101, A114 and A145. Incorrect scoring of alleles would represent an unexpected 
segregation and this would be inaccurately analysed by JoinMap
®
. However, as Ms M.M. 
van Dyk (personal communication) produced similar results to those in this study for three of 
these markers, attributing failed linkage to incorrect allele sizes for “Prima” is unlikely. 
Amplification with these markers were repeated to be sure of the obtained allele sizes but no 
change was found from the initial alleles size obtained. This cannot be explained but the 
differences could be due to variations when these primers were synthesised or possibly due to 
the published markers actually being multilocus. As mentioned in Chapter 3, microsatellites 
suffer from shortcomings such as various artefacts being formed and stuttering peaks. These 
factors make scoring for certain markers extremely difficult. Artefact formation and 
stuttering peaks can be the cause of the incorrect assignment of fragment/peaks as an allele(s) 
compared to the actual allele(s). When all the sizes of alleles from both parents of a particular 
marker are extremely close together, stuttering peaks would make scoring hard or impossible. 
If artefacts are present in both the parentals and the seedlings, elimination of spurious 
allele(s) cannot be done. This would all ultimately result in the unsuccessful mapping of 
these markers on a linkage map. 
 
Markers A44, A62, A90, A94, A97, A171 and A238, which had more than 30 % missing 
data could have also influenced linkage analysis. Distorted segregation, as was the case with 
markers A35, A62, A90, A92, A114, A118, A167, A193, A217, A234 and A331, was 
another reason for failed linkage. Both these situations are unfavourable to JoinMap
® 
and 
thus linkage mapping. Distortion could also, in turn, be the result of missing data, as 
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observed with markers A62, A90 and A234. As mentioned, markers A71, A145, A219, A234 
and A365 had extremely high proportions of missing data because only half of the 180 
seedlings were screened and therefore no linkage was expected with them. Although no 
linkage would generally be obtained with half scored markers, potentially they can be used to 
build a basic framework map. This type of strategy could allow for easy and quick detection 
of markers associated with class 1 and 4. This association was detected with the A32 marker, 
although the whole population was scored.  
 
The A32 marker produced an obvious difference in the alleles inherited for class 1 and those 
inherited for class 4, which are the extreme classes of resistance and susceptibility. As the Vf 
gene is situated on the same linkage group as this marker (LG 1), it might prove to be useful 
in MAS. This marker resulted in the focus being turned specifically to this linkage group and 
other markers positioned on it.  
 
For a more comprehensive map to be constructed on the whole genome, more markers need 
to be screened on the “Lady Williams” x “Prima” population. Approximately 100 markers, 
with accurate allele scoring and minimal missing data, are regarded as sufficient for a 
framework map to be achieved on all 17 LGs, with an average spacing of approximately 15 
cM. 
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7. - LINKAGE ANALYSIS ON LG 1 
 
7.1. Introduction. 
The main resistance gene to apple scab, Vf, is found on linkage group 1. This gene was 
originally inherited from “Malus floribunda” and has since been introgressed into various 
cultivars. It is flanked on either side by different molecular markers, with the closest 
segregating with the gene. The saturation of markers around Vf has made it easier for the 
identification of resistance in apple cultivars conferred by this gene. As microsatellite 
markers are highly polymorphic, the screening of many cultivars in search of one particular 
allele contributing to resistance is less common. Other conventional co-dominant markers 
(e.g. AL07-SCAR (Tartarini et al., 1999)), which amplify only certain fragments, are more 
reliable in this case. However, the use of the microsatellite markers in screening for scab 
resistance is extremely useful when a population is screened in conjunction with their 
respective parentals. The outcome of the analysis can be applied to other populations to 
determine if similar allele inheritance exists with these markers. It is essential that laboratory 
experiments be correlated with the phenotypic expression obtained from field trials. Only 
when these two resources are combined can a successful result be obtained.  
 
Aims. 
Due to the obvious difference observed between class 1 and class 4 with marker A32, other 
markers on LG 1 were examined on the “Lady Williams” x “Prima” population. The aim was 
to link these markers on LG 1 and observe whether there were any alleles associated with 
resistance and susceptibility.  
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7.2. Amplification of the LG 1 markers. 
Certain microsatellite markers around the Vf gene from the map generated by Silfverberg-
Dilworth et al., (2006) (Figure 7.1) were selected and fluorescently-labelled primers were 
designed and synthesized for resistance/susceptibility trends and mapping purposes. In 
addition to marker A32 these were: markers A536, A538, A568, A582 and P21. HVM 
(Cham-Kpu, 2005) and AL07-SCAR (Tartarini et al., 1999) were also chosen, due to these 
markers successfully identifying resistant and susceptible apples. 
 
Genomic DNA from the “Prima” and “Lady Williams” parental cultivars was used as a 
template for PCR amplification and this was done to test whether the markers were 
polymorphic. Markers HVM, A32, A538, A568 and A536 were polymorphic on the relevant 
parentals and these were screened on the total seedling population (Section 7.2.1, 7.2.2, 7.2.3, 
7.2.4 and 7.2.5). Marker P21 was homozygous producing 137 bp fragments in both parentals 
and the A582 primer pair resulted in additional artefacts being produced during 
amplification, which caused difficulties in scoring the desired alleles. Markers P21 and A582 
were thus not used. Table 7.1 illustrates the distribution of the various segregation types of 
each marker across the whole population (180), whereas Table 7.2, in addition to this, also 
separates these segregation types for each of the four classes. 
 
7.2.1. Amplification of hyper-variable marker (HVM). 
The hyper-variable marker (Figure 7.2) amplified three fragments for the resistant “Prima” 
parent, which would be designated as HcrVf1 (826 bp), HcrVf2 (666 bp) and HcrVf3 (468 bp) 
(see Section 1.11). Only HcrVf1 and HcrVf2 were amplified for the susceptible “Lady 
 
 
 
 
Figure 7.1 Schematic diagram of the LG 1 markers positioned on a “Fiesta” x “Discovery”
map (Silfverberg-Dilworth et al., 2006).
Circled markers represent those that were chosen for analysis on the “Lady Williams” x “Prima” population.
* Estimated position of Vf based on other cultivars carrying this gene.
*Vf
A536
A568
A538A582
A32
P21
A568
P21
A32
 
 
 
 
  
 
 
 
 
 
 
Table 7.1 Allele frequencies produced by JoinMap
®
 of the segregation types for the markers used on the “Lady Williams” x “Prima” 
population intended for LG 1 mapping. 
 
 
 
 
 
Locus “Prima” 
alleles 
“LW” 
alleles 
Seg. 
type 
ac ad bc bd ee ef eg fg ll lm -- !
2
 Deg. of 
freedom 
p value 
A32 162,177 177 ef x eg     48 10 7 107   8 151.3 3 1.38 X 10
-32
 
A536 107,115 113,115 ef x eg     58 35 45 27   15 13.01 3 4.61 x 10
-3
 
A538 138,158 138 lm x ll         58 121 1 22.17 1 2.50 x 10
-6
 
A568 166,null 175,188 ab x cd 39 14 76 29       22 52.99 3 1.84 x 10
-11
 
HVM 468,666, 
826 
666,826 lm xll         60 118 2 18.90 1 1.38 x10
-5
 
 
 
 
 
Table 7.2 Distribution of various segregation types across the different classes for the 180 seedlings using the LG 1 markers. 
 
Marker “Prima” “LW” Segregation 
type 
Class 1 Class 2 Class 3 Class 
3a 
Class 
3b 
Class 4 Total 
A538 
 
 
 
A568 
 
 
 
 
 
A536 
 
 
 
 
 
HVM 
 
 
 
A32 
138 bp (l) 
158 bp (m) 
 
 
166 bp (a) 
null (b) 
 
 
 
 
107 bp (f) 
115 bp (e) 
 
 
 
 
468 bp (m) 
666 and 826 bp (l) 
 
 
162 bp (f) 
177 bp (e) 
138 bp (l) 
 
 
 
175 bp (c) 
188 bp (d) 
 
 
 
 
113 bp (g) 
115 bp (e) 
 
 
 
 
666 and 826 bp (l) 
 
 
 
177 bp (e) 
null (g) 
lm 
ll 
uu 
 
ac 
ad 
bc 
bd 
uu 
 
ee 
eg 
ef 
gf 
uu 
 
lm 
ll 
uu 
 
ee 
eg 
ef 
gf 
uu 
46 
3 
0 
 
2 
2 
30 
12 
3 
 
24 
12 
5 
4 
4 
 
44 
3 
2 
 
2 
2 
7 
38 
0 
45 
2 
0 
 
4 
1 
23 
11 
8 
 
16 
13 
8 
5 
5 
 
44 
3 
0 
 
2 
1 
3 
40 
1 
27 
16 
1 
 
6 
4 
20 
5 
9 
 
12 
13 
8 
7 
4 
 
27 
17 
0 
 
9 
4 
0 
24 
7 
26 
1 
0 
 
0 
0 
19 
5 
3 
 
9 
10 
2 
4 
2 
 
27 
0 
0 
 
0 
3 
0 
22 
2 
1 
15 
1 
 
6 
4 
1 
0 
6 
 
3 
3 
6 
3 
2 
 
0 
17 
0 
 
9 
1 
0 
2 
5 
3 
37 
0 
 
27 
7 
3 
1 
2 
 
6 
7 
14 
11 
2 
 
3 
37 
0 
 
35 
0 
0 
5 
0 
121 
58 
1 
 
39 
14 
76 
29 
22 
 
58 
45 
35 
27 
15 
 
118 
60 
2 
 
48 
7 
10 
107 
8 
Italics: Subdivision of class 3 was based on HVM marker (Section 7.2.1). 
 
 
 
 
Figure 7.2 Representation of the hyper-variable marker (HVM) across parentals and
seedlings.
This marker was used to screen resistant (class 1) and susceptible (class 4) seedlings
for the different combination of alleles inherited between the two classes. Lane 1:
molecular weight marker; lane 2: “Prima”, lane 3: “Lady Williams”; lane 4: seedling
99 (class 1); lane 5: seedling 110 (class 1); lanes 6: seedling 150 (class 4); lane 7:
seedling 179 (class 4); lane 8: negative control.
1        2        3         4       5         6        7        8
854 bp
648 bp
501 bp
299 bp
968 bp
666,826468,666,826666,826468,666,826Sizes (bp)
6-74-532Lane
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Williams” parent. Figure 7.2 also shows that the class 1 seedlings produced 3 fragments, 
whereas the class 4 seedlings produced 2 fragments. Due to reliability of this marker in 
scoring for Vf, we subdivided the class 3 seedlings into 3a (weak resistant) and 3b (weak 
susceptibility) according to Chevalier et al., (1991). Those that produced three fragments 
were classed as 3a and those that produced two fragments were classed into 3b. Of the 44 
seedlings in class 3, 27 were placed into class 3a and 17 into class 3b.  
 
For HVM three alleles for “Prima” were observed and to analyse this in JoinMap!, the 
presence of the 468 bp fragment in the seedlings was regarded as “lm” and the absence as 
“ll”. Table. 7.3 illustrates the allele combinations for the resistant classes (1, 2 and 3a) and 
the susceptible classes (3b and 4) for the HVM marker. The resistant classes had 115 
seedlings (93.5 %) that produced the 468 bp fragment together with 666 bp and 826 bp 
fragment combination (‘ml’ combination) and there were 54 seedlings (94.7 %) that 
produced the 666 bp and 826 bp fragment combination (‘ll’) for the susceptible classes. 
Resistance was thus associated with the 468 bp fragment (‘m’ allele) and susceptibility linked 
to the 666 bp and 826 bp alleles (‘l’ allele). 
 
7.2.2. Amplification of marker A32. 
Marker A32 produced a 162 bp and 177 bp fragment for “Prima” and only a 177 bp fragment 
for “Lady Williams” (Figure 7.3). Figure 7.3 shows that the class 1 seedlings only had the 
162 bp fragment and the class 4 seedlings produced only the 177 bp fragments. This suggests 
that a null allele was present in the “Lady Williams” parent for this marker, as only the 162 
bp was inherited from the “Prima” parent. Therefore scoring for the seedlings only producing 
 
 
 
 
57123Total
“Lady
Williams”
Susceptible classes 3b and 4
54 (94.7)3 (5.3 %)6 (4.9 %)115 (93.5 %)666 and 826
bp (l)
666 and 826
bp (l)
468 bp (m)666 and 826
bp (l)
468 bp (m)
“Prima”“Prima”
Resistant classes 1, 2 and 3a
Table 7.3 Allele combinations for the resistant and susceptible classes for
the HVM marker.
Remaining percentages due to missing data.
 
 
 
 
Figure 7.3 Representation of marker A32 across parentals and seedlings.
This marker was used to screen resistant (class 1) and susceptible (class 4) seedlings
for the different combination of alleles inherited between the two classes. Lane 1:
molecular weight marker; lane 2: “Prima”; lane 3; “Lady Williams”; lanes 4:
seedling 99 (class 1); lane 5: seedling 110 (class 1); lane 6: seedling 136 (class 1);
lane 7: seedling 150 (class 4); lane 8: seedling 179 (class 4); lane 9: seedling 192
(class 4).
~ 175 bp
~ 120 bp
~ 185 bp
~ 220 bp
1      2      3      4      5     6       7      8     9
177162177162,177Sizes
(bp)
7-94-632Lane
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the 177 bp fragment, posed a slight problem. This was due to the possibility of two 
combinations of inheritance i.e. the seedlings either inherit 177 bp from both parents or, 177 
bp is inherited from “Prima” and the null allele from “Lady Williams”. To overcome this and 
for simplicity, all those regarded as susceptible (class 4), which had this situation were scored 
as 177 bp homozygous. This scoring of marker A32 in the other classes was then used in 
conjunction with the trend/phase depicted for the A538 marker for resistant and susceptible 
individuals (Section 7.2.3), as it is positioned close together on the Silfverberg-Dilworth et 
al., (2006) map (Figure 7.1). In other words, when this situation of two possibilities occurs, 
referral was made to the scoring of the A538 marker for that seedling. This entailed using the 
allele inheritance observed for class 1 or 4 of marker A538 and matching it with the similar 
allele inheritance for class 1 or 4 of marker A32. A similar approach, referred to as Identity 
by Descent (IBD) was used by van de Weg et al., (2004). However, their study used 
grandparents in determining the allele of present day cultivars. 
 
Table. 7.4 illustrates the allele combinations for the resistant classes (1, 2 and 3a) and the 
susceptible classes (3b and 4) for marker A32. There were 100 seedlings (81.3 %) that 
produced the null allele and the 162 bp fragment combination (‘gf’ combination) for the 
resistant classes and there were 44 seedlings (77.2 %) that produced only the 177 bp fragment 
(‘ee’ combination) for the susceptible classes. This data suggests that the 162 bp fragment 
(‘f’ allele) is associated with resistance and the 177 bp fragment (‘e’ allele) with 
susceptibility. 
 
 
 
 
 
Table 7.4 Allele combinations for the resistant and susceptible classes for
the A32 marker.
57123Total
1 (1.8%)7 (12.3 %)6 (4.9 %)100 (81.3 %)Null (g)
“Lady
Williams”
44 (77.2 %)0 (0 %)4 (33 %)10 (8.1 %)177 bp (e)
177 bp (e)162 bp (f)177 bp (e)162 bp (f)
“Prima”“Prima”
Susceptible classes 3b and 4Resistant classes 1, 2 and 3a
Remaining percentages due to missing data.
 
 
 
 
 77 
7.2.3. Amplification of marker A538. 
For marker A538, a 138 bp and 158 bp fragment was amplified for “Prima” and only a 138 
bp was amplified for “Lady Williams” (Figure 7.4). Figure 7.4 shows that the class 1 
seedlings possess both the 138 bp and 158 bp fragments, whereas only the 138 bp fragment 
was produced in the class 4 seedlings. This suggests that “Lady Williams” is homozygous for 
the 138 bp allele. 
 
Table 7.5 illustrates the allele combinations for the resistant classes (1, 2 and 3a) and the 
susceptible classes (3b and 4) for marker A538. There were 117 seedlings (95.1 %) that 
produced the 138 bp fragment and 158 bp fragment combination (‘lm’ combination) for the 
resistant classes and there were 52 seedlings (91.2 %) that exhibited the 138 bp fragment 
combination (‘ll’ combination) for the susceptible classes. Therefore, there was a strong 
correlation of the 158 bp allele (‘m’ allele) with resistance and the 138 bp allele (‘l’ allele) 
with susceptibility. 
 
7.2.4. Amplification of marker A568. 
The A568 marker produced a 166 bp fragment for “Prima” and 175 bp and 188 bp fragments 
for “Lady Williams” (Figure 7.5). Figure 7.5 shows that the class 1 seedlings only produced 
the 175 bp fragment. This suggested the presence of a null allele in the “Prima” parent, as 
only an allele from “Lady Williams” was seen being inherited. This figure also shows that the 
class 4 seedlings produced a combination of 166 bp and 175 bp fragments.  
 
 
 
 
 
Figure 7.4 Representation of marker A538 across parentals and seedlings.
This marker was used to screen resistant (class 1) and susceptible (class 4) seedlings
for the different combination of alleles inherited between the two classes. Lane 1:
molecular weight marker; lane 2: “Prima”; lane 3; “Lady Williams”; lanes 4:
seedling 99 (class 1); lane 5: seedling 110 (class 1); lane 6: seedling 136 (class 1);
lane 7: seedling 150 (class 4); lane 8: seedling 179 (class 4); lane 9: seedling 192
(class 4).
~ 175 bp
~ 120 bp
~ 185 bp
~ 220 bp
1      2      3      4      5     6       7      8     9
138138,158138138,158Sizes
(bp)
7-94-632Lane
 
 
 
 
Table 7.5 Allele combinations for the resistant and susceptible classes for
the A538 marker.
57123Total
4 (7 %)52 (91.2 %)117 (95.1 %)6 (4.9 %)138 bp (l)“Lady
Williams”
158 bp (m)138 bp (l)158 bp (m)138 bp (l)
“Prima”“Prima”
Susceptible classes 3b and 4Resistant classes 1, 2 and 3a
Remaining percentages due to missing data.
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~ 220 bp
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Figure 7.5 Representation of marker A568 across parentals and seedlings.
This marker was used to screen resistant (class 1) and susceptible (class 4) seedlings
for the different combination of alleles inherited between the two classes. Lane 1:
molecular weight marker; lane 2: “Prima”; lane 3; “Lady Williams”; lanes 4:
seedling 99 (class 1); lane 5: seedling 110 (class 1); lane 6: seedling 136 (class 1);
lane 7: seedling 150 (class 4); lane 8: seedling 179 (class 4); lane 9: seedling 192
(class 4).
166,175175175,188166Sizes
(bp)
7-94-632Lane
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Table 7.6 illustrates the allele combinations for the resistant classes (1, 2 and 3a) and the 
susceptible classes (3b and 4) for marker A568. For the resistant classes there were 72 
seedlings (58.5 %) that produced the null allele and the 175 bp allele combination (‘bc’ 
combination) and 28 seedlings (22.8 %) that produced the null allele and 188 bp allele 
combination (‘bd’ combination). For the susceptible classes there were 33 seedlings (57.9 %) 
that produced the 166 bp allele and 175 bp allele combination (‘ac’ combination). From this, 
there was a correlation between the null allele (‘b’ allele) and resistance and the 166 bp allele 
(‘a’ allele) and susceptibility. 
 
7.2.5. Amplification of marker A536. 
The A536 marker produced 107 bp and 115 bp fragments for “Prima” and 113 bp and 115 bp 
fragments for “Lady Williams” (Figure 7.6). From Figure 7.6, the class 1 seedlings only 
produced the 115 bp fragment. The class 4, on the other hand, produced a combination of 
fragments 107 bp and 113 bp, or a combination of fragments 107 bp and 115 bp, or only the 
115 bp fragment. As these allele sizes were very close, confirmation was done using the ABI 
310 Genetic Analyzer.  
 
Table 7.7 illustrates the allele combinations for the resistant classes (1, 2 and 3a) and the 
susceptible classes (3b and 4) for marker A536. For the resistant classes there were 49 
seedlings (39.8 %) that produced the 115 bp allele combination (‘ee’ combination) and 35 
seedlings (28.5 %) that produced the 115 bp allele and 113 bp allele combination (‘eg’ 
combination). The combination that produced the highest percentage for the susceptible 
classes was the 107 bp allele and 115 bp allele combination (‘fe’ combination), which 
 
 
 
 
Table 7.6 Allele combinations for the resistant and susceptible classes for
the A568 marker.
57123Totals
1 (1.8 %)11 (19.3 %)28 (22.8 %)3 (2.4 %)188 bp (d)
“Lady
Williams”
4 (7 %)33 (57.9 %)72 (58.5 %)6 (4.9 %)175 bp (c)
Null (b)166 bp (a)Null (b)166 bp (a)
“Prima”“Prima”
Susceptible classes 3b and
4
Resistant classes 1, 2 and
3a
Remaining percentages due to missing data.
 
 
 
 
Figure 7.6 Representation of marker A536 across parentals and seedlings.
This marker was used to screen resistant (class 1) and susceptible (class 4) seedlings
for the different combination of alleles inherited between the two classes. Lane 1:
molecular weight marker; lane 2: “Prima”; lane 3; “Lady Williams”; lanes 4:
seedling 99 (class 1); lane 5: seedling 110 (class 1); lane 6: seedling 136 (class 1);
lane 7: seedling 150 (class 4); lane 8: seedling 179 (class 4); lane 9: seedling 192
(class 4).
~ 175 bp
~ 120 bp
~ 185 bp
1      2      3      4      5      6       7      8      9
115
9
107,115
8
107,113
7
115
6
115115113,115107,115Sizes
(bp)
5432Lane
 
 
 
 
Table 7.7 Allele combinations for the resistant and susceptible classes for
the A536 marker.
57123Totals
9 (15.8 %)20 (35.1 %)49 (39.8 %)15 (12.2 %)115 bp (e)
“Lady
Williams”
10 (17.5 %)14 (24.6 %)35 (28.5 %)13 (10.6 %)113 bp (g)
115 bp (e)107 bp (f)115 bp (e)107 bp (f)
“Prima”“Prima”
Susceptible classes 3b and
4
Resistant classes 1, 2 and
3a
Remaining percentages due to missing data.
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accounted for 20 seedlings (35.1 %). The other combinations seen from Figure 7.6 for class 
4, namely the 107 bp fragment with the 113 bp fragment (‘fg’ combination) and only the 115 
bp fragment (‘ee’), represented 14 seedlings (24.6 %) and 9 seedlings (15.8 %) respectively 
of the susceptible classes. From this, a weak association was made between resistance and the 
115 bp allele (‘e’ allele) and susceptibility and the 107 bp allele (‘f’ allele), due to the various 
allele combinations in the susceptible classes not being represented particularly frequent by 
one or two combinations. 
 
7.2.6. Amplification of marker AL07-SCAR. 
The AL07-SCAR marker was used to test six parentals and four seedlings to confirm the 
reliability of the HVM marker in detecting resistant and susceptible individuals (Figure 7.7). 
The AL07 marker is tightly linked to the Vf gene and therefore was used for this purpose. 
Two fragments were expected from this marker i.e. the 517 bp fragment (resistant allele) and 
the 724 bp fragment (susceptible allele). From Figure 7.7, the resistant individuals either had 
only the 517 bp fragment (homozygous resistant) e.g. “Malus floribunda” and “Co-op 22” 
(however, a very faint 724 bp fragment is seen), or both the 724 bp and the 517 bp fragments 
(heterozygous resistant) e.g. “Prima” and the resistant seedlings. The susceptible individuals 
only produced the 724 bp fragment (homozygous susceptible) e.g. “Lady Williams”, 
“Russian Seedling”, “Sharpe’s Early” and the susceptible seedlings. The seedlings tested 
with the AL07-SCAR matched the results obtained using HVM. The whole population (180), 
however, was not screened using AL07-SCAR and therefore was not included for mapping 
purposes. 
 
 
 
 
 
Figure 7.7 Representation of AL07-SCAR marker on different cultivars and seedlings of the 
“Lady Williams” x “Prima” cross. 
This marker was used to confirm the reliability of the HVM marker in differentiating between 
resistant and susceptible cultivars and seedlings (class 1 and 4). Lane 1: molecular weight 
marker; lane 2: “Malus floribunda”; lane 3: “Co-op 22”; lane 4: “Russian Seedling”; 
lane 5: “Prima”; lane 6: “Lady Williams”; lane 7: “Sharpe’s Early”; lane 8: seedling 99 
(class 1); lane 9: seedling 110 (class 1); lane 10: seedling 150 (class 4); lane 11: seedling 179 
(class 4).
854 bp
648 bp
501 bp
299 bp
968 bp
1     2     3     4      5      6      7     8      9     10    11
724724517,
724
517,
724
724724517,
724
724517517Size
(bp)
111098765432Lane
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7.3. Linkage analysis on LG 1. 
The seedlings were genotyped for markers A32, A536, A538, A568 and HVM, and these 
were converted to JoinMap! codes (Table 7.8). The sizes for all these markers matched the 
published sizes (Liebhard et al., 2002; Vinatzer et al., 2004; Silfverberg-Dilworth et al., 
2006). The only difference was that no null allele was mentioned for A568 in “Prima” by 
Silfverberg-Dilworth et al., (2006). Due to scoring on the ABI 310 Genetic Analyzer used in 
this study and scoring done by Liebhard et al., (2002), Vinatzer et al., (2004) and 
Silfverberg-Dilworth et al., (2006) by comparing a labelled ladder on 6 % denaturing 
sequencing gels, there were slight base pair differences in the observed and reported sizes. As 
mentioned, Table 7.1 shows the segregation types provided by JoinMap! for these LG 1 
markers, as does Table 7.2 (Note: the latter table is a similar representation of the data with 
the addition that the segregation types for each class is available). JoinMap! successfully 
mapped (Section 2.14) all of these LG 1 markers together on an integrated map (Figure 7.8). 
The order of the markers were: A536, A568, HVM, A538 and A32 at positions 0 cM, 29.1 
cM, 35.8 cM, 36.9 cM and 45.7 cM respectively. 
 
A paternal and maternal map was also constructed (Figure 7.8). Both maps had markers 
A536 and A568 linking on their chromosomes and markers A32, HVM and A538 mapped on 
the “Prima” chromosome only. On the “Prima” map the order of the markers were A536, 
A568, A538, HVM and A32 at positions 0 cM, 26.6 cM, 30.2 cM, 31.3 cM and 37.6 
respectively. The only difference to the integrated map, besides the actual distances, was the 
order of HVM and A538. On the “Lady Williams” map, markers A536 and A568 were 36.1 
cM apart. The HVM and A538 markers did not map on the “Lady Williams” map, as they 
were homozygous for this parent. Even though the HVM marker produced two fragments for 
 
 
 
 
Table 7.8 JoinMap! codes for the 180 seedlings for markers A538, A568, A536, HVM and A32. 
 
Seedling no. A538 A568 A536 HVM A32 
1 lm cb fg lm fg 
2 lm cb ee lm fg 
3 lm cb ee lm fg 
4 lm db ge lm fg 
5 ll ad ge ll ee 
6 lm cb ge lm fg 
7 ll ad ge ll ee 
8 ll ac ee ll ee 
9 ll uu fe ll uu 
10 ll uu fg ll ee 
11 uu uu fe ll fg 
13 lm cb ge lm eg 
14 lm cb ee ll eg 
15 lm cb fe lm fg 
16 lm cb ee lm fg 
17 lm cb ee lm fg 
19 lm uu ge lm uu 
20 lm db fg lm fg 
21 ll ac fe ll ee 
23 lm db fe lm fg 
24 lm cb ge lm fg 
25 ll uu ge lm uu 
27 ll ad fe ll ee 
28 ll ad ge ll ee 
29 ll ac ee ll uu 
30 lm cb ee lm fg 
31 lm cb ge lm fg 
32 lm db fg lm fg 
33 ll ac fg ll fg 
34 lm db fg lm fg 
35 lm cb ee lm fg 
36 lm cb ge lm fg 
37 ll ac fe ll ee 
38 lm cb ee lm fg 
39 ll uu uu ll uu 
40 lm cb ee lm eg 
41 lm uu uu lm fg 
42 lm cb ge lm eg 
43 lm cb ge lm fg 
44 ll uu uu ll uu 
45 lm cb uu lm fg 
46 lm cb ee lm fg 
47 ll uu gf ll ee 
48 ll ac fe ll uu 
49 lm db ee lm fg 
50 lm cb ge lm fg 
51 lm cb ge lm fg 
52 lm db ge lm fg 
53 lm db fg lm fg 
54 lm cb ee lm fg 
55 lm cb uu lm fg 
56 lm cb ge lm fg 
57 lm cb ge lm fg 
58 lm ac fe lm fg 
59 lm cb ee lm fg 
60 lm cb ee lm fg 
61 lm uu ge lm fe 
62 lm cb ee lm fg 
63 lm db fe lm fg 
64 lm cb ee lm fg 
65 lm db fg lm fg 
66 lm cb ee lm fg 
67 lm db ee lm fg 
 
 
 
 
Table 7.8 continued. 
 
Seedling no. A538 A568 A536 HVM A32 
68 lm cb ee lm fg 
69 lm db ge lm eg 
70 ll uu ge ll ee 
71 lm cb ee lm fg 
72 lm cb fe lm fg 
73 ll ac ge ll ee 
74 lm db ee lm fg 
75 lm cb fe lm fg 
76 lm uu fg lm fe 
77 lm ac fg lm fg 
78 lm cb ee lm fg 
79 lm db fg lm fg 
80 lm cb fe lm fg 
81 lm cb ee lm fg 
82 lm cb fe lm fg 
83 lm ac fe lm fg 
84 lm cb fe lm fg 
85 lm ad ge lm fg 
86 lm cb ee lm fg 
87 lm uu uu lm fe 
88 lm db ee lm fg 
89 lm cb ge lm fg 
90 lm db ge lm fg 
91 lm uu ee lm fg 
92 lm uu uu ll fg 
93 lm cb ge lm fg 
94 lm uu uu lm uu 
95 lm uu uu lm fg 
96 ll ac ge ll ee 
97 lm cb ee lm fg 
98 lm cb ee lm fg 
99 lm cb ee lm fg 
100 ll ad fg ll ee 
101 lm db fe uu fg 
102 lm db ge lm fg 
103 lm cb ee lm fg 
104 lm cb ge lm fg 
105 lm cb uu lm fe 
106 lm cb ee lm fg 
107 lm db ge lm eg 
108 lm uu uu lm fe 
109 lm db ge lm eg 
110 lm cb ee lm fg 
111 lm cb ee lm fg 
112 lm cb ee lm fg 
113 lm db fg lm fg 
114 lm db ge lm fg 
115 lm cb ge lm fg 
116 lm db fe uu fg 
117 lm uu fg lm fe 
118 lm cb ee lm fg 
119 lm db ee lm fg 
120 lm db ge lm fg 
121 lm cb ee lm fg 
122 lm cb fe lm fg 
123 lm cb ee lm fg 
124 lm cb uu lm fg 
125 lm cb ee lm fg 
126 lm cb ee lm fg 
127 lm cb ee lm fg 
128 lm cb ee lm fg 
129 lm db ee lm fe 
130 lm cb fe lm fg 
 
 
 
 
Table 7.8 continued. 
 
Seedling no. A538 A568 A536 HVM A32 
131 lm db ee lm fg 
133 lm uu ge lm fe 
134 lm cb ge lm fe 
135 lm cb ee lm fg 
136 lm cb ee lm fg 
137 lm ac uu lm fe 
138 lm cb ee lm fg 
139 ll ad fg ll fg 
141 lm cb ee lm fg 
142 lm db ge lm fg 
143 lm cb fe lm fg 
144 lm cb ee lm fg 
146 lm cb ee lm fg 
147 lm cb ge lm fg 
148 ll ac fe ll ee 
149 ll ad ge ll ee 
150 ll ac fg ll ee 
152 ll ac fe ll ee 
153 ll ac ee ll ee 
154 ll ac fe ll ee 
155 ll ac fe ll ee 
156 lm cb ge lm fg 
157 ll ac fe ll ee 
158 ll ac fg ll ee 
159 ll cb ee ll ee 
160 ll ac fe ll fg 
161 ll ac fg ll ee 
162 ll ac fg ll ee 
167 ll ad ge ll ee 
168 ll ac fg ll fg 
169 ll ac fe ll ee 
170 ll ad ge ll ee 
171 ll ad ge ll ee 
172 ll ac fe ll ee 
173 ll ac ee ll ee 
174 ll ad ge ll ee 
175 ll ac fg ll ee 
176 ll ac fg ll ee 
177 ll ac uu ll ee 
178 lm db ge lm fg 
179 ll ac fe ll ee 
180 ll uu uu ll ee 
181 ll ad fe ll ee 
182 ll ac ee ll ee 
183 ll ac fg ll ee 
184 ll ac fe ll ee 
185 ll ad fe ll ee 
186 lm cb ee lm fg 
187 ll ac fg ll ee 
188 ll ac fe ll ee 
189 ll ac fg ll ee 
190 ll ac fe ll ee 
191 ll uu fg ll ee 
192 ll ac ee ll ee 
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“Lady Williams” it was considered homozygous for JoinMap
®
. The A32 marker was 
expected to map on “Lady Williams” as well, but the position of this marker was probably 
too distant from marker A568 and JoinMap
®
 was unable to map it.  
 
Figure 7.9 illustrates the GGT diagram of the two parental maps for LG 1. It is a colour-
coded allele representation (red and green) along the chromosome for markers A32, A536, 
A538, HVM and A568 based on the linkage phases obtained from JoinMap
®
. As A32 was 
unmapped on the “Lady Williams” map, it was given an arbitrary position of 11 cM from 
A568, which was based on the distance between A568 and A32 on the “Prima” map. Also, 
since there was no parental data available for “Lady Williams” for marker A32, the linkage 
phase of the integrated map was used. The seedlings in the figure were arranged in the order 
from left to right: class 1, class 2, class 3 and class 4. Class 3 was further arranged into weak 
resistance (class 3a) and weak susceptibility (class 3b), which was based on the HVM marker 
(Section 7.2.1), as this marker is tightly linked to Vf and successfully distinguishes resistant 
from susceptible individuals. Those individuals producing three fragments were placed into 
class 3a and those producing two fragments were placed into class 3b.  
 
Based on the red/green colour of Figure 7.9, a distorted segregation was particularly visible 
for marker A32 when the two maps were examined. While the Vf segregation from “Prima” 
was expected, a random re-assortment of LG 1 from “Lady Williams” was expected. 
However, this was not the case and therefore there was reason to suggest a sub-lethal gene 
(designated l in this study) effect distorting the segregation ratios, as identified by Gao and 
van de Weg, (2006). The l1 allele was assigned as green and the l2 allele was assigned as red. 
Table 7.9 represents the frequency of each combination from corresponding seedlings from 
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8 (4.4 %)0114 (63.3 %)58 (32.2 %)0Sub-lethal
(proposed)
8 (4.4 %)7 (3.9 %)107 (59.4 %)48 (26.7 %)10 (5.6 %)A32
22 (12.2 %)39 (21.7 %)76 (42.2 %)14 (7.8 %)29 (16.1 %)A568
15 (8.3 %)35 (19.4 %)58 (32.2 %)27 (15 %)45 (25 %)A536
--greyl
2Pm
redl
2LW
redl
1Pm
greenl
2LW
redl
2Pm
redl
1LW
greenl
1Pm
greenl
1LW
greenSegregation
l
1Pm
greenl
2Pm
red x l
1LW
greenl
2LW
redCross
Table 7.9 Representation of the number of seedlings for the allele combinations (red/green)
 from the “Prima” and “Lady Williams” parents for markers A536, A568 and A32 (based
 on Figure 7.9) across the whole population.
Red: values used in calculating the proposed position of the sub-lethal gene..
Estimated position of the sub-lethal gene:
10 + 7
58 + 114
=  9.8 %Recombination frequency:
Haldane’s mapping function: d = -1/2 ln (1 - 2r)
r = recombination frequency
d  = distance in Morgan
Therefore distance = 0.109 M or 10.9 cM.    
Kosambi’s mapping function: d = 1/4 ln
1 + 2r
1 - 2rr = recombination frequency
d = distance in Morgan
Therefore distance = 0.099 M or 9.9 cM.    
OR
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the parentals for markers A32, A536 and A568 for the 180 seedlings. The A536 and A568 
markers showed a more random distribution of the alleles, whereas the A32 marker does not. 
The A538 and HVM markers were not analysed in this manner, as these markers only 
segregated in the “Prima” parent. However, by examining only “Prima” (Figure 7.9) at these 
markers there was a notable pattern of “green” genotype corresponding to classes 1, 2 and 3a, 
which were regarded as having varying strengths of resistance, compared to the “red” 
genotype of classes 3b and 4, which were susceptible. This was possible due to these markers 
selecting for resistance/susceptibility in conjunction with the phenotypic scoring. For the A32 
marker, Table 7.9 shows that the combination of l1 of “Prima” with l2 of “Lady Williams” 
accounted for 59.4 % of the population and the combination of l2 of “Prima” with l1 of “Lady 
Williams” accounted for 26.7 %. Only 5.6 % and 3.9 % was observed in the combination l1 
of “Prima” with l1 of “Lady Williams” and l2 of “Prima” with l2 of “Lady Williams”, 
respectively. If we hypothesise a sub-lethal gene present, an estimated position of this gene 
can be made based on the A32 marker. Seeing the combinations l1 of “Prima” with l2 of 
“Lady Williams” and l2 of “Prima” with l1 of “Lady Williams” are viable, a proposed number 
of 114 and 58 seedlings, respectively, are given to these combinations for the sub-lethal gene. 
These numbers are calculated as follows: assigning 0 to combinations l1 of “Prima” with l1 of 
“Lady Williams” and l2 of “Prima” with l2 of “Lady Williams” for the sub-lethal gene; 
followed by combination l1 of “Prima” with l2 of “Lady Williams” plus combination l2 of 
“Prima” with l2 of “Lady Williams” (107 + 7); and then combination l1 of “Prima” with l1 of 
“Lady Williams” plus combination l2 of “Prima” with l1 of “Lady Williams” (10 + 48) of 
marker A32 (Table 7.9). The recombination fraction is calculated as 9.8 % and the estimated 
distance of the sub-lethal gene would thus be approximately 10 cM from marker A32 using 
Haldane’s or Kosambi’s mapping functions (Haldane, 1919; Kosambi, 1944). 
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These combinations were separated into the resistant classes (1, 2 and 3a) and the susceptible 
classes (Tables 7.10A and B). With regard to the A32 marker, the combination of l1 of 
“Prima” with l2 of “Lady Williams” was 81.3 % of the resistant classes and therefore this 
combination is viable for resistance. The combination of l2 of “Prima” with l1 of “Lady 
Williams” was 77.2 % of the susceptible classes and therefore this combination is viable for 
susceptibility. 
 
The distortion seen in the segregation types for markers A32, A538, HVM and A568 in 
Tables 7.1 and 7.2, also displays sub-lethality occurring in the population. The p values for 
these markers were 1.38 x 10
-32
, 2.50 x 10
-6
, 1.38 x 10
-5
 and 1.84 x 10
-11
, respectively. 
Marker A32 produced the lowest value indicating the greatest distortion and the closest 
marker to the sub-lethal gene (Cheng et al., 1996). Due to sl1 being mapped at the opposite 
side of the Vf gene as marker A32, this sub-lethal gene might possibly be sl2 or sl3, which 
was unmapped by Gao and van de Weg, (2006). 
 
7.4. Summary. 
The LG 1 markers ultimately chosen for analysis on the “Lady Williams” x “Prima” mapping 
population proved to be quite successful. Initially, it was observed that an obvious visual 
differentiation could be seen between the alleles inherited for the A32 marker for resistant 
(class 1) and susceptible (class 4) seedlings (Figure 7.3). This resulted in all other published 
LG 1 microsatellite markers near the Vf gene being tested on this population. The other 
markers ultimately used were A536, A538, A568 as well as HVM. All of these markers also 
showed a surprisingly clear differentiation between the two extreme classes when viewed on 
 
 
 
 
Table 7.10 Representation of the number of seedlings for the allele combinations (red/green)
 from the “Prima” and “Lady Williams” parents for markers A536, A568 and A32 (based
 on Figure 7.9) for the resistant classes (A) and susceptible classes (B).
Resistant classes 1, 2 and 3a
3 (2.4 %)6 (4.9 %)100 (81.3 %)4 (3.3 %)10 (8.1 %)A32
14  (11.4 %)6 (4.9 %)72 (58.5 %)3 (2.4 %)28 (22.8 %)A568
11 (8.9 %)15 (12.2 %)49 (39.8 %)13 (10.6 %)35 (28.5 %)A536
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a polyacrylamide or agarose gel, particularly HVM, A538 and A568 (Figures 7.2, 7.4 and 
7.5, respectively). Marker A536 showed a less obvious visual differentiation compared to the 
other four but a differentiation was seen (Figure 7.6) and this was confirmed on the ABI 310 
Genetic Analyzer.  
 
As Chevalier et al., (1991) categorised class 3 into 3a and 3b, the HVM marker was used to 
subdivide this class in this study, as it is known to identify Vf. With this marker the class 1 
seedlings produced fragments of 468 bp, 666 bp and 826 bp and the class 4 seedlings 
produced only the 666 bp fragment with the 826 bp fragment (Figure 7.2). Table 7.3 confirms 
that 93.5 % of the resistant classes amplified all three fragments and 94.7 % of the 
susceptible classes only amplified the 666 bp and 826 bp fragments. These percentages 
represent a large proportion of these respective classes. Therefore the 468 bp allele can 
successfully select for resistance and the absence of it, for susceptibility. The 6 seedlings not 
amplifying three bands for the resistant classes and the 3 seedlings amplifying the three 
fragments in the susceptible classes could be due to seedlings originally categorised in the 
incorrect class (“escapes”) or recombination occurring between the marker and the Vf gene. 
The AL07-SCAR (Figure 7.7) marker, which is commonly used in studies to score for 
resistance and susceptibility, has proven that HVM can be used to successfully do the same, 
as the same result was obtained when identical seedlings were tested.  
 
As mentioned, the A32 marker first identified the difference in alleles inherited for resistance 
and susceptibility in this study. This was seen in Figure 7.3, as the class 1 seedlings amplified 
a 162 bp fragment and the class 4 seedlings only amplified a 177 bp fragment in the “Lady 
Williams” x “Prima” cross. Table 7.4 confirms this observed trend, as 81.3 % of the resistant 
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seedlings amplified the 162 bp fragment with a null allele and 77. 2 % of the susceptible 
seedlings amplified only the 177 bp fragment. These percentages are high enough to 
associate resistance with the 162 bp allele of “Prima” and susceptibility with the 177 bp 
allele. Seedlings in which only the 177 bp fragment was present caused difficulty in scoring, 
as it cannot be ascertained whether these seedlings inherited the 177 bp allele from both 
parents or whether the 177 bp allele was inherited from “Prima” and the null allele from 
“Lady Williams”. It was decided that for all the class 4 seedlings the 177 bp homozygous 
scoring would be used. In the other classes, the phase of the A538 marker was thus used, as 
stated in Section 7.2.2.  
 
For A538 (Figure 7.4), the class 1 seedlings amplified a 138 bp fragment with a 158 bp 
fragment and the class 4 seedlings only amplified the 138 bp fragment. Table 7.5 confirms 
the 158 bp fragment of “Prima” was associated with resistance, as 95.1 % of the resistant 
classes amplified both the 138 bp fragment and the 158 bp fragment. Susceptibility was thus 
associated with the absence of the 158 bp fragment, as 91.2 % of the susceptible classes only 
amplified the 138 bp fragment. This result is similar to Vinatzer et al., (2004), as they 
obtained a 159 bp fragment in all the Vf-containing cultivars.  
 
For A568 (Figure 7.5), the class 1 seedlings only amplified a 175 bp fragment and the class 4 
seedlings amplified a 166 bp fragment with a 175 bp fragment. By referring to Table 7.6, 
58.5 % of the resistant classes amplified the 175 bp fragment with the null allele, as well as 
22.8 % amplifying the 188 bp fragment with the null allele. These percentages were not as 
large compared to the HVM, A32 and A538 markers for resistance but still represents a 
considerable proportion of these resistant classes. Table 7.6 illustrates that 57.9 % of the 
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susceptible classes amplified the 166 bp fragment with the 175 bp fragments. Based on these 
percentages, resistance could be associated with null allele of “Prima” and susceptibility with 
166 bp allele of “Prima”.  
 
A correlation between certain alleles and resistance/susceptibility was also seen with the 
A536 marker. However, the association was not as strong as with the other four markers. The 
class 1 seedlings produced a homozygous 115 bp fragment and the class 4 seedlings 
produced a 107 bp fragment with a 113 bp fragment, or a 107 bp fragment with a 115 bp 
fragment, or only a 115 bp fragment (Figure 7.6). These various combinations of 107 bp 
fragment with the 113 bp fragment (24.6 %), the 107 bp fragment with 115 bp fragment (35.1 
%) and the homozygous 115 bp fragment combination (15.8 %) for susceptibility illustrates 
this weak correlation (Table 7.7). A fourth allele combination viz. 115 bp fragment with a 
113 bp fragment, accounted for 17.5 % of the susceptible classes. Table 7.7 illustrates that 
39.8 % of the resistant classes amplified only the 115 bp fragment, in addition to 28.5 % 
amplifying the 113 bp fragment with the 115 bp fragment. With regard to susceptibility, there 
was a more even distribution between the four allele combinations. In addition, the two 
combinations for resistance viz. the 113 bp fragment with the 115 bp fragment and the 
homozygous 115 bp fragment, both have significantly lower percentages compared to the 
HVM, A32, A538 and A568 markers, indicating more recombination events between the 
marker and the Vf gene. Also, the alleles for the A536 marker differ by a few base pairs and 
therefore are too close together to be resolved on a polyacrylamide gel. This makes 
differentiating between the various classes difficult. However, resistance was weakly 
associated to the 115 bp allele of “Prima” and susceptibility to the 107 bp allele of “Prima”.  
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The alleles obtained for the LG 1 markers A32, A536, A538 and A568 matched the 
published sizes for the “Prima” parent (Liebhard et al., 2002; Vinatzer et al., 2004; 
Silfverberg-Dilworth et al., 2006) and those obtained for HVM correlated to those obtained 
by Cham-Kpu, (2005). 
 
This strong trend depicted between these markers and the phenotype classification of scab 
resistance/susceptibility was expected for “Prima” but no correlation was expected for “Lady 
Williams”. However, as Vf is mapped on this linkage group, this trend depicted was also 
logical. The extent of this correlation between these markers and the different classes was 
interesting and can be used in future populations to distinguish resistance from susceptibility 
and ultimately used in a breeding program. However, due to the polymorphic nature of 
microsatellites, the screening of seedlings needs to be done in conjunction with the parents, 
as a different set of alleles would be present for a different population. 
 
All of the LG 1 markers that were tested were successfully mapped using JoinMap!. In 
addition, the positioning and order of the LG 1 markers correspond well to that of the map 
generated by Silfverberg-Dilworth et al., (2006) (Figure 7.1). This was a confirmation that 
the allele sizes for both parents obtained for each of these markers in this study were correct, 
as well as the scoring that was done on the seedling population. This result also confirmed 
that the scoring of marker A32 for the seedlings producing only the 177 bp fragment, which 
was done in conjunction with marker A538, was done correctly. As a “Fiesta” x “Discovery” 
map was used by Silfverberg-Dilworth et al., (2006) and a “Lady Williams” x “Prima” used 
in this study, “Fiesta” was compared with “Lady Williams”; and “Discovery” was compared 
to “Prima”. The distances on the “Lady Williams” map between A536 and A568 are 36.1 
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cM, compared to the 35.4 cM on “Fiesta”. The distance between A568 and A32, which was 
arbitrary assigned due to it not being linked by JoinMap! was 11 cM on “Lady Williams”, 
compared to the 11.4 cM on “Fiesta”. On the “Prima” map no comparison can be made 
between the distances of A536 and A568, as A536 does not segregate in the “Discovery” 
parent of Silfverberg-Dilworth et al., (2006). The distance between A568 and A538 on 
“Prima” was 3.6 cM and on “Discovery” it is 13.9 cM. The distance between A538 and A32 
on Prima was 7.4 cM, compared to the 21.5 cM on “Discovery”. No comparison can be made 
with HVM, as Silfverberg-Dilworth et al., (2006) did not use this marker.  
 
Of these markers, the HVM and the A538 marker show the strongest correlation to the 
phenotypic classification of scab resistance/susceptibility status, as the combination of alleles 
expected for a particular class was high. Using Table 7.2, classes 1 and 2 of HVM (both 
regarded as resistant classes; 90 % and 94 % of those seedlings respectively) produced 468 
bp, 666 bp and 826 bp. This marker was used to subdivide class 3 into 3a (weakly resistant) 
and 3b (weakly susceptible). It resulted in 61 % of class 3 seedlings categorised into 3a and 
39 % into 3b. There were 93 % of class 4 seedlings that produced only the 666 bp and 826 bp 
alleles. With regard to classes 1 and 2 of marker A538, 94 % and 96 % of those seedlings 
respectively produced the 138 bp allele with the 158 bp allele. As class 3 was subdivided 
based on HVM, 96 % of the seedlings from class 3a produced the 138 bp allele with the 158 
bp allele and 88 % of the seedlings for class 3b produced only the 138 bp allele. There were 
93 % of the class 4 seedlings that produced only the 138 bp allele. These high proportions of 
allele combination(s) specific for the various classes confirm the strong linkage with scab 
resistance/susceptibility for these markers. This was expected, as HVM specifically identifies 
HcrVf3 (GenBank accession number AJ297741, Vinatzer et al., 2001) in the Vf gene cluster. 
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A similar situation holds for marker A538, as Vinatzer et al., (2004) associated it with the Vf 
allele of “M. floribunda 821” and it was also found in the Vf-containing cultivars used by 
them. The close proximity of these two markers to each other on the integrated map (1.1 cM) 
(Figure 7.8) further confirms the reliability of both these markers in the identification of scab 
resistance/susceptibility, as well as the similarities in the number of seedlings for each 
segregation type in each class (Table 7.2). HVM and marker A538 can be used independently 
to score for resistant seedlings, without the information from the parentals, due to all resistant 
plants having a particular fragment linked to resistance. However, care should be taken when 
using marker A538, as Vinatzer et al., (2004) have shown that in some instances this marker 
also produces the 159 bp allele in susceptible cultivars. These authors recommend that in 
these situations other markers should be used in combination with A538 in scoring for 
resistance. Markers A32 and A568 needs still to be used in conjunction with their parentals in 
scoring, as no one allele is known in detecting resistance with these markers. In other words, 
the parentals need to be screened with the phenotypic data of the seedlings and based on this, 
a decision can be made on which allele(s) are associated with resistance.  
 
The other markers, being positioned further away from Vf, which we will designate as HVM, 
do show more linkage to Vf than previously expected. When a marker is further from Vf, 
there is a less obvious trend detected between resistant and susceptible seedlings based on the 
number of seedlings for certain segregation types (Table 7.2). With markers A32, A536 and 
A568 there was a greater representation of seedlings from other segregation types, different 
to the discussed segregation types/combinations for resistance or susceptibility, compared to 
markers HVM and A538. The A536 marker being the furthest from Vf (35.8 cM) on the 
integrated map (Figure 7.8), showed the least linkage and therefore more seedlings were 
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present for the different segregation types across the different classes. Also, the correlation 
between the allele combinations of the class 1 seedlings compared to the class 4 seedlings 
was not as significant as seen with the other markers (Figure 7.6). Markers A568 and A32, 
being closer than marker A536, showed a stronger linkage being located 6.7 cM and 9.9 cM 
respectively from Vf on the integrated map (Figure 7.8) and therefore fewer occurrences of 
other segregation types for a particular class was observed. 
 
By looking at the individual parental maps for “Prima” and “Lady Williams”, markers A536 
and A568 link on both maps. Marker A32 was also expected to link on both maps but this 
only occurred on the “Prima” map. This could be due to the more distant position of this 
marker to A568 on the “Lady Williams” map or possibly due to the distortion of the sub-
lethal gene effect. The incorporation of other markers could have facilitated the inclusion of 
marker A32. Due to markers P21 and A582 being unsatisfactory because of being 
homozygous and problematic respectively, this was not possible. The HVM and A538 
markers were only mapped on the “Prima” map, as these markers were only polymorphic in 
one parent. As these markers show strong correlation with resistance status and “Prima” 
being the resistant parent, mapping onto “Prima” was expected. 
 
Linkage analysis was more efficiently obtained on LG 1 compared to the rest of the genome. 
However, a LOD score of 6 was used in all three linkage groups, which is a sufficiently 
stringent criterion for the construction of apple maps. Besides the specific LG 1 markers 
used, there were no other markers (published and predicted) used that showed any correlation 
between resistant and susceptible seedlings. Thus, no other QTLs could be found with the 
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collection of markers used in this study. The only QTL that was convincingly identified was 
the Vf gene on LG 1. 
 
The sub-lethality observed by Gao and van de Weg, (2006) was also thought to be evident in 
the “Lady Williams” x “Prima” population of this study. This was due to the distortion 
observed based on the segregation of alleles for “Lady Williams” near Vf. Only segregating 
in “Prima”, markers A538 and HVM were used to confirm the resistant and susceptible 
seedlings from the phenotypic scoring i.e. the presence and absence of Vf. With the GGT 
diagram, this left the area of marker A32 to be the most suitable position of the sub-lethal 
gene, as the chromosome portion indicated by the colours demonstrated a segregation 
distortion at the distal end of the linkage group. The percentage across the whole population 
of 59.4 % for the combination of l1 of “Prima” with the l2 of “Lady Williams” (Table 7.9) 
indicates the distortion represented by the GGT diagram, in addition to the combination of l2 
of “Prima” with l1 of “Lady Williams” occurring at 26.7 %. The allele combinations were 
also represented for resistance and susceptibility and 81.3 % of the resistant classes for the l1 
of “Prima” with the l2 of “Lady Williams” combination and 77.2 % of the susceptible classes 
for the l2 of “Prima” with l1 of “Lady Williams” combination (Tables 7.10A and B). These 
two combinations seem to be viable in this population. In other words, the l1 of “Prima” with 
the l2 of “Lady Williams” and l2 of “Prima” with l1 of “Lady Williams” are favourable, and 
their occurrence is more frequently observed. A high percentage of the complimentary alleles 
from the two parents was evident at the distal end of the chromosome, implying a factor 
influencing this preference. The other small contributions of this marker were from the 
combinations l1 of “Prima” with l1 of “Lady Williams” and l2 of “Prima” with l2 of “Lady 
Williams”, being 5.6 % and 3.9 % respectively for the total population. These combinations 
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appear not to be viable and were thought to be suppressed by sub-lethality. There was a more 
random distribution seen from the GGT diagram for markers A568 and A536, as no such 
distortion was evident. Table 7.9 showed that these two markers had no particularly frequent 
combinations of alleles compared to the frequent combinations for marker A32 across the 
whole population. This can be explained on the basis that the sub-lethal gene is not closely 
linked to these markers and is situated nearer to the distal end of this linkage group and, 
therefore, it was proposed that the sub-lethal gene is positioned closer to marker A32. The 
skewed segregation types seen in Tables 7.1 and 7.2 for markers A32, A538, HVM and A568 
also demonstrates a factor driving distortion in this population, as do the particularly low p 
values of 1.38 x 10
-32
, 2.50 x 10
-6
, 1.38 x 10
-5
 and 1.84 x 10
-11
 for these markers. However, as 
markers A538 and HVM segregated in “Prima” only and marker A568 does not display an 
exaggerated distortion from the GGT diagram, these markers were not candidates for sub-
lethal co-segregation. Also, the segregation distortion seen in “Prima” was due to the 
selection for Vf using the HVM and A538 markers. The strongest evidence, however, of sub-
lethality based on distortion was seen in the “Lady Williams” parent at marker A32. The high 
p value for marker A536 also supports this marker not being distorted. Thus, the lowest p 
value of 1.38 x 10
-32
 was for marker A32 and supports the sub-lethal hypothesis for this 
marker. Marker A32 was mapped 9.9 cM from Vf (represented by HVM) on the integrated 
map, but compared to Gao and van de Weg, (2006), this was at the opposite side of Vf to 
their sub-lethal gene (sl1). They proposed that sl1 segregates with the microsatellite 
converted OPC09 RAPD (Tartarini, 1996), which is 14 cM from Vf towards the proximal end 
of the linkage group on a “Prima” x “Fiesta” cross (Maliepaard et al., 1998). As this marker 
was not used in this study, no exact similarity can be made with the results obtained by Gao 
and van de Weg, (2006). Two other sub-lethal genes were also identified by Gao and van de 
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Weg, (2006), viz. sl2 and sl3, which were not mapped. Thus, the sub-lethal gene that is 
proposed in this study might be sl2 or sl3. 
 
The sub-lethal gene, which is proposed in this study, might have various effects on the plant. 
The gene can either have the effect of total lethality on the seedling resulting in seedling 
death; no seed germination (“dead seed”); no seed formation (embryonic death) or no 
fertilisation occurring. This study can be used as a platform to further investigate the 
phenotypic expression that this gene causes in this population and other Vf-containing 
populations, as this was not examined here. 
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8. - DISCUSSION AND CONCLUSION 
 
8.1. Introduction. 
The objective of this study was to construct a linkage map for QTL identification and, in turn, 
analyse the scab resistance/susceptibility status in a “Lady Williams” x “Prima” population. 
The Vf gene is the major gene conferring resistance but there are other minor genes that 
contribute to the total resistance. By using mostly microsatellite markers, the identification 
and behaviour of other QTLs, in addition to Vf, would serve plant breeders in the 
identification of extremely resistant (class 1) plants in a marker-assisted breeding program. 
To attempt to address these objectives, optimisation of published and predicted 
microsatellites primers were done and these were multiplexed. Multiplexes were screened on 
a “Lady Williams” x “Prima” population to enable a high throughput screening of the 
optimised markers. The data generated would be used for map construction and the 
identification of QTLs responsible for scab resistance. Ultimately LG 1 markers would 
provide better insight into the resistance exhibited in this population and markers around the 
Vf gene were examined. 
 
8.2. Microsatellite optimisation and multiplex development. 
Due to the conventional methods used in selection for desirable traits in apple breeding, slow 
progress is made in crop improvement and it can take 3 - 10 years to produce results. 
Microsatellites can be used to identify relevant markers, which would be helpful in early 
selection. Microsatellites were chosen in this study mainly due to their high polymorphisms, 
transferability between populations and the ease with which they are produced. Many 
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published microsatellite primers are now available for apple and many more can be identified 
from the many EST sequences which have recently been made accessible. New 
microsatellites were made available during this study, which could be used to further saturate 
existing maps. Both the published and predicted/new primers need to be optimised once 
synthesised, for accurate identification of the markers they amplify.  
 
Touchdown PCR in combination with gradient PCR, as well as touchdown PCR solely, has 
been very successful in this process. The touchdown technique allows for a better 
identification of the proper annealing temperature for primers. As there was an abundance of 
markers available in the laboratory due to this study being part of a larger MAB program 
project, only those specifically relevant to this study were mentioned. There were 111 
microsatellites used in this study. This total consisted of 80 published apple primers, 1 
published pear primer and 30 predicted apple primers. Six of these were ultimately intended 
for LG 1 mapping, of which markers A582 and P21 were not used on the population, and the 
others were intended for whole genome mapping.  
 
However, there were certain factors that made working with microsatellites problematic. In 
addition to the production of the expected allele(s), other artefacts were produced at times. 
This made scoring difficult and lots of discretion was left to the individual. Therefore, 
different scoring or interpretation of results from one scientist to the other can occur, 
especially if no reference data is at hand. This ultimately can influence mapping attempts, as 
the incorrect segregation of alleles was originally detected and recorded. From this study, it is 
suggested that the researcher does a prior search for any known information of a particular 
marker. A correlation can be made between what is observed and what is expected and a 
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better interpretation can be made. In addition to artefacts, stuttering peaks was also a problem 
with the microsatellites. When more than one peak was seen with varying heights, it was 
unclear what the actual size of the allele(s) was. Depending on the type of repeat (di-, tri-, 
etc.), these additional peaks would vary in these multiples. Normally the highest peak was 
identified as the size of the allele(s), but this is not necessarily always the case. How this 
problem associated with microsatellites can be overcome, is not yet known.  
 
Once polymorphic markers were identified on a collection of cultivars, the next strategy was 
to incorporate them into multiplexes. Multiplexes were developed for the purpose of 
screening more markers in a certain time, as opposed to simplex PCR. As these mapping 
experiments entails approximately 100-200 seedlings, for a significant analysis, it would be 
too time consuming to screen numerous markers singly. Primers were grouped according to 
the dye colour that they were labelled with, as multiplexes comprising of the same colour will 
enable an even larger number of markers being pooled for analysis. For this to be possible, 
however, the size ranges of the individual primers comprising a particular multiplex must not 
overlap. Should they, overlap, if would be impossible to differentiate which marker is being 
amplified by which primer.  
 
Six 6-FAM multiplexes were constructed in this study viz. F3, F4, F8, F9, F10 and F11 
(Table 4.1). The number of primer pairs comprising these multiplexes varied from 3 to 5 
markers. The multiplexes that consisted of primer pairs that had equal concentrations were 
due to these the primers having equal strengths relative to each other. The amount of product 
formed from amplification was used to indicate whether the concentrations were adequate. In 
other words, the band formation on the polyacrylamide gel and the peak height on the ABI 
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310 Genetic Analyzer were used. Generally, the more primers present in a particular 
multiplex, the lower the concentration of each primer pair. This was required to maintain a 
constant total primer concentration, as each reagent in a PCR reaction needs to be in the 
correct concentration for amplification to be successful.  
 
Multiplexes that consisted of primer pairs having varying concentrations were due to the 
nature of the primer(s) used in the multiplex. As certain primers have varying degrees of 
efficiency, the amount of product of each primer pair would in turn vary. Therefore an 
adjustment was needed to increase the less efficient primer pair and decrease the more 
efficient primer pair(s). In addition to these six multiplexes developed in this study, there 
were other 6-FAM multiplexes used, as well as VIC, NED and PET labelled multiplexes 
constructed within the laboratory. 
 
8.3. High throughput screening and linkage analysis on the whole genome. 
As mentioned, multiplexes were constructed for high throughput screening on the seedling 
population but before it can be done, a suitable population has to be chosen. As we are 
analysing apple scab resistance, the population needs to exhibit equal proportions of the 
varying classes of resistance/susceptibility. Phenotypic scoring placed the seedlings into 
classes 1, 2, 3 and 4. The “Lady Williams” x “Prima” cross exhibited the best distribution 
across these classes and was thus used in this study. A high throughput extraction was 
applied to extract the DNA from the 180 seedlings. This protocol (Section 2.6) produced high 
quality DNA and can be used for other large population extractions. Time was saved, as the 
leaf material was placed into 96-tubes and then the Qiagen!
 
TissueLyser was used to grind 
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the samples in seconds. This proved to be extremely efficient, as there was no individual 
grinding and handling of each sample. The seedlings were then optimised to obtain the best 
dilution of the seedling DNA and this was obtained at a 5x dilution factor (10 ng/µl) of the 
extracted DNA. 
 
In total 26 multiplexes, comprising of 103 primers, were screened on the population (Table 
5.3). There were 27 primers that failed to produce any product when electrophoresed on the 
polyacrylamide gel. It was necessary to first test random samples on the gel before it was 
used on the ABI 310 Genetic Analyzer. This was done to save costs and time, as it only takes 
approximately one and a half hours to electrophorese a few samples on a polyacrylamide gel, 
as opposed to 4 days on the ABI 310 Genetic Analyzer for 180 samples. There were 76 
primers that were successful after electrophoresis on the polyacrylamide gels and these 
samples were thereafter electrophoresed on the ABI 310 Genetic Analyzer, of which 37 were 
unsuccessful and 39 successful. Unsuccessful screening was when there were more than 30% 
missing data and when markers were homozygous for both parents. Missing data would 
result in JoinMap
®
 not being able to perform proper statistical analysis for marker linkages. 
Homozygous markers cannot be placed on a genetic map, and for this reason, were useless in 
this study.  
 
The ultimate application of these markers, was to use them in constructing a genetic map 
using JoinMap
®
. There were 39 markers that were loaded into this software. Only 2 linkage 
groups were constructed from these 39 markers. A41 and A126 linked together on LG 4 and 
A319 and A422 linked on LG 17. With regard to LG 4, we can successfully conclude that 
this linkage was correct. Liebhard et al., (2002) linked A41 on this linkage group and Ms 
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M.M. van Dyk (personal communication) linked A126 on this linkage group too. One of the 
advantages of genetic mapping is that markers can be associated with results obtained on 
different populations and in different studies. Variations in marker order or distances do 
occur but not the assignment of that marker to a different linkage group. The linkage obtained 
with A319 and A422 on LG 17 was due to the results from Silfverberg-Dilworth et al., 
(2006). As Silfverberg-Dilworth et al., (2006) used the same apple sequence (AF527800) to 
design primers for marker A319 in this study, which they mapped to LG 17 on a “Fiesta” x 
“Discovery” cross, this linkage was attributed to this linkage group. Although the primers 
were designed at different positions of this sequence, the same microsatellite would be 
amplified. As A422 was a new marker developed and there was no published work done on 
it, linkage with A319 cannot be confirmed. However, this study provides a basis for further 
studies using this marker. 
 
The other 35 markers, which were unlinked to positions on the whole genome can be 
attributed to a few reasons. The first and main reason could be that too few markers were 
used in the analysis and this results in markers not being close enough together to obtain 
linkage on all 17 LGs. A large number of markers were not used due to failed PCRs, too 
much missing data or homozygosity. Some linkage was, however, expected with some 
linkage groups where the markers analysed were situated close together. Attributing failed 
linkage to differences in allele sizes for “Prima” compared to the published data is unlikely, 
as some markers correlated well to those of a supporting study done on “Golden Delicious” x 
“Prima”. For this reason scoring was done with the sizes obtained in this study and not based 
on the published sizes. No explanation can be given for these differences but it casts some 
doubt on the accuracy of the published data. For all the markers, the “Lady Williams” alleles 
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could not be confirmed, as no published sizes are available for this cultivar. Distorted 
segregation observed could be another reason for unlinked markers. This can be seen in the 
obvious differences from Mendel’s law in the segregation types of these markers and the low 
p values. Distortion can also influence the ability of JoinMap
®
 to perform proper analysis and 
the software will incorrectly compare markers, which would then be unlinked. As mentioned 
earlier, another reason for failed linkage could be missing data. The general trend is that the 
more markers analysed, the better the probability that linkage would be obtained. This was, 
however, not practical because if markers are incorrectly scored, or there being lots of 
missing data, or there being segregation distortion, it would negatively affect the analysis. No 
QTLs could be identified, as an incomplete map was constructed. More markers are needed 
to construct a fairly dense map and once this is achieved, the identification of QTL 
containing regions can be done. 
 
It can be concluded that a high throughput system using multiplexes in analysing large 
mapping families reduces time considerably, as more data can be generated more quickly. In 
addition to multiplexes, pooling of these multiplexes can further increase data output and 
lessen the workload. This approach is highly recommended in the construction of genetic 
maps for large populations. 
 
8.4. LG 1 analysis and scab resistance trends.  
As mentioned above, the results obtained with marker A32 resulted in this study focussing on 
LG 1. When class 1 and 4 seedlings were electrophoresed on a polyacrylamide gel with this 
marker, there was an obvious visual difference between the two classes (Figure 7.3), which 
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would be extremely valuable in MAB. Other markers around Vf on LG 1 were chosen to 
examine whether similar trends were seen. These trends were seen with HVM, A538, A568, 
and to some extent with A536 (Figures 7.2, 7.4, 7.5 and 7.6 respectively) between the two 
extreme classes. In other words, certain alleles were inherited only for class 1 and a different 
set for class 4. The values in Table 7.2 further confirms this, as it gives a complete analysis of 
the whole population in that the allele combinations of the intermediate classes of 
resistance/susceptibility (classes 2, 3a and 3b) can also be examined. Marker HVM (Cham-
Kpu, 2005) was used to subdivide class 3 into class 3a and 3b, as it found to be tightly linked 
to the Vf gene with the 468 bp allele conferring resistance. This was done to correlate the 
seedling population with the classification devised by Chevalier et al., (1991). Resistance 
was thereafter attributed to classes 1, 2 and 3a, whereas susceptibility to classes 3b and 4 for 
the LG 1 markers. It was observed that there was an association with resistance and the 162 
bp allele of “Prima” and there was an association with the 177 bp and susceptibility with 
regard to marker A32. Resistance was clearly associated with the 158 bp allele of “Prima” for 
A538, whereas its absence indicated susceptibility. With marker A568, resistance was seen to 
be linked to the null allele of “Prima” and susceptibility with 166 bp allele of “Prima”. 
Marker A536 was regarded as not being tightly linked to Vf but despite this, a trend was seen 
with the 115 bp allele of “Prima” for resistance and the 107 bp allele of “Prima” for 
susceptibility.  
 
Expected linkage on a partial map was obtained with these LG 1 markers, as confirmation 
was done based on the map generated by Silfverberg-Dilworth et al., (2006). Both an 
integrated map and the individual parental maps were constructed (Figure 7.8). For these 
markers to link, some of the other markers intended for whole genome mapping had to be 
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excluded in the software as they prevented proper analysis. The distances of these markers 
were satisfactory and their positioning relative to Vf, which was taken as HVM, correlated to 
the different segregation combinations associated with resistance or susceptibility. Therefore, 
the further from HVM, the less ‘reliable” or accurate that particular marker is in detecting the 
respective class. As markers A538 and HVM are so close on the linkage map, their 
similarities in genotyping for the different classes were expected. This can be seen in Table 
7.2, as well as the individual scoring of each seedling in Table 7.8. As marker A536 was the 
furthest away, it was less useful in differentiating between resistance and susceptibility.  
 
The GGT analysis (Figure 7.9) done with these LG 1 markers, resulted in the hypothesis that 
sub-lethality occurred in this population. A sub-lethal gene, l, was proposed to be situated 
near marker A32. The distortion was indicated by the complimentary colours (representing 
the alleles) of the two parentals across the population and the resistant and susceptible classes 
at this marker viz. l1 of “Prima” with the l2 of “Lady Williams” and l2 of “Prima” with l1 of 
“Lady Williams” (Tables 7.9 and 7.10), and due to it having the lowest p value (1.38 x 10
-12
). 
Markers A568 and A536 showed a more random segregation in the GGT diagram. Tables 7.9 
and 7.10 shows that the proposed sub-lethal combination was not as extremely distorted for 
markers A536 and A568, as compared to marker A32. Markers A538 and HVM were not 
considered for the region sub-lethality, as they only segregated in “Prima” and were used to 
select for resistance/susceptibility.  
 
The position of the sub-lethal gene in this study, associated with marker A32, was situated on 
the opposite side of Vf as the position published by Gao and van de Weg, (2006) of sl1. 
However, sl2 and sl3 was also identified in their study, but were unmapped, and thus it is 
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proposed that the effect observed in this study could be due to either of these genes. Based on 
the recombination fractions calculated from proposed segregation combinations, an estimated 
position of approximately 10 cM from marker A32 was given to the sub-lethal gene. For a 
more accurate position of the sub-lethal gene, more markers around Vf need to be tested on 
this population. The phenotypic effect that this gene has on the “Lady Williams” x “Prima” 
population has to be examined and once this is done, a true occurrence of its presence and 
effect can be made. It is proposed that this sub-lethal gene could have total lethality on the 
seedling, no seed germination, no seed formation or no fertilisation occurring. 
 
8.5. Summary 
This study has proven the potential MAB has in apple breeding. Microsatellite markers were 
extremely easy and convenient to amplify. Using these markers in a high throughput system, 
involving multiplexing and pooling, increased their efficiency even more. As a result, more 
markers could be scored on the “Lady Williams” x “Prima” population in a given time. This 
system is recommended for any mapping attempt on large population sizes. Problems, like 
artefact formation and stuttering peaks, were experienced and should be dealt with carefully 
when using microsatellites.  
 
Linking these microsatellite markers on a genetic map was not as successful as expected but 
two pairs of linked markers were detected in the whole genome mapping attempt. Failure of 
linkage was attributed to an insufficient number of markers that were finally scored, too 
much missing data and distorted segregation. Examining the LG 1 markers around Vf gene 
proved to very informative. Markers A32, A538, A568, HVM and A536 showed 
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differentiation between resistant and susceptible classes. However, only markers A538 and 
HVM should be used to select for resistance, as they showed the strongest correlation to the 
phenotypic classes. All these LG 1 markers were also successfully mapped on a partial 
linkage map and can provide a framework for more markers to be mapped onto it. 
 
Sub-lethality was hypothesised to be occurring in the “Lady Williams” x “Prima” cross, as 
distortion were seen around Vf on LG 1. It was proposed to be segregating with marker A32 
but more markers are needed to accurately determine its position. In addition to mapping 
more markers on this linkage group of this particular cross, other populations can be tested 
using the same strategy as used here in providing more insight into the sub-lethal genes.  
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